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I. In t roduc t ion ,  problems and background 

The t r o p i c a l  hu r r i cane  i s  one of t h e  most promising 

f r o n t i e r s  of weather modi f ica t ion .  Y e t  i t  i s  a dangerous 

f r o n t i e r  bese t  wi th  p e r i l s  which must be surmounted o r  avoided 

i f  man i s  t o  progress  toward t h i s  important s c i e n t i f i c  and 

p r a c t i c a l  o b j e c t i v e .  We begin h e r e  wi th  the  p o s i t i v e  f e a t u r e s  

and follow them wi th  warnings of t he  p i t f a l l s .  Most encour- 

ag ing  of a l l ,  a c t u a l  modi f ica t ion  experiments have a l r e a d y  been 

c a r r i e d  o u t  on r e a l  hur r icanes  wi th  a t  l e a s t  p a r t i a l  success .  

To our knowledge, t hese  a r e  t o  d a t e  the  only  experiments p e r -  

formed on an atmospheric phenomenon l a r g e r  than  a s i n g l e  cumulus 

cloud. 

The hu r r i cane  o r  typhoon i s  one of t he  worst  n a t u r a l  

menaces t o  man. As r e c e n t l y  a s  1963, a s i n g l e  storm (Flora)  

took more than  7000 l i v e s  and des t royed  more than h a l f  a b i l l i o n  

d o l l a r s  i n  proper ty .  Thus even a small percentage  r educ t ion  i n  

d e s t r u c t i v e n e s s  o r  improvement i n  f o r e c a s t i n g  warran ts  a l a r g e  

expendi ture  of e f f o r t  and funds. 

Research over t h e  p a s t  decade g ives  encouragement t o  these  

goa l s .  The mature hu r r i cane  is a r e l a t i v e l y  se l f - con ta ined ,  a t  

l e a s t  pa r t i a l ly -unde r s tood  atmospheric c i r c u l a t i o n .  

from 100 t o  1000 m i l e s  i n  diameter and l i v e s  a l i f e t i m e  from one 

t o  t h i r t y  days.  Born and bred by t r o p i c a l  oceans,  i t  f eeds  on t h e  

water p rev ious ly  evaporated there  i n t o  t h e  a i r ,  r e l e a s i n g  most of 

It ranges 
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t h i s  " l a t e n t  heat"  i n  only  a few (1-10) g i a n t  cloud towers 

which form a r i n g  around i t s  c h a r a c t e r i s t i c  c e n t r a l  "eye". 

I n  the  A t l a n t i c  hur r icane ,  winds above t h e  h igh ly  des t ruc -  

t i v e  threshold  (say 80 knots)  a r e  gene ra l ly  r e s t r i c t e d  t o  an a rea  

of a few t ens  o r  hundreds of  square mi les  near t h e  core .  Com- 

monly the  severe d e s t r u c t i o n  is confined t o  t h e  pa th  of t he  wal l  

cloud surrounding the  eye of  the storm. The P a c i f i c  typhoon, 

t he  h u r r i c a n e ' s  l a r g e r  s i s t e r ,  may e x h i b i t  h igh  winds over a 

much more ex tens ive  a r e a ,  making modi f ica t ion  an even more formid- 

a b l e  chal lenge.  Storm c a s u a l t i e s  a r e  90% due t o  drowning. The 

p rope r ty  damage i s  only  i n  l e s se r  p a r t  due t o  t h e  d i r e c t  onslaught  

of  t he  winds upon s t r u c t u r e s ;  i t  i s  65-75% caused by inundat ion  

of c o a s t a l  a r e a s  from surges  of high waters  d r i v e n  by the  a i r  

motions o r  occas iona l ly  from f l a s h  f looding  caused by heavy r a i n s .  

D i rec t  wind damage i s  roughly propor t iona l  t o  t h e  windspeed squared, 

and the  stress exer ted  by high winds t o  move water masses i s  pro- 

bably propor t iona l  t o  a somewhat h igher  power. Thus even a s m a l l  

percentage reduct ion  i n  windspeed could be of enormous va lue  i n  

saving l i v e s  and reducing damage. 

The huge energy expendi tures  i n  hu r r i canes  might i n t imida te  

the  hopes of would-be human modif iers .  

s t r e n g t h  and s i z e  r e l e a s e s  a s  much condensation hea t  energy in a day 

a s  the  fus ion  energy of about 400 hydrogen super-bombs (Yanai, 1964);  

o f  t h i s ,  about 3%, o r  12 super-bombs worth,  i s  converted i n t o  t h e  

A mature hu r r i cane  of moderate 



- 3 -  

energy of winds. I n  the  f ace  of t h i s  gargantuan machine, man's 

puny resources  do not  a l low the b ru te  f o r c e ,  head-on, o r  t r i a l - a n d -  

e r r o r  approaches.  W e  must seek t h e  Ach i l l e s  h e e l s  o r  i n t e r n a l  

i n s t a b i l i t i e s  of these  monsters. We must f u r t h e r  understand these  

w e l l  enough t o  t r i g g e r  them i n  the  d i r e c t i o n  w e  both d e s i r e  and 

p r e d i c t ;  t h a t  i s  t o  say,  causal r e l a t i o n s h i p s  must be pos tu l a t ed  

and t e s t e d .  This  i s  the  philosophy on which the  c u r r e n t  hur r icane  

experiments a r e  based and upon which, from them, f u r t h e r  progress  

toward p r a c t i c a l  modi f ica t ion  must  proceed. 

Do t r o p i c a l  storms possess Ach i l l e s  hee l s?  Thei r  e r r a t i c  

and u n r e l i a b l e  behavior ind ica tes  t h a t  t h i s  i s  indeed l i k e l y .  Their  

f requent  sudden a l t e r a t i o n s  i n  course,  i n t e n s i t y  and cloud configura-  

t i o n ,  f o r  no d i s c e r n i b l e  external  reason,  sugges ts  i n t e r n a l  i n s t a -  

b i l i t i e s  perhaps set  o f f  by very small  t r i g g e r i n g  in f luences .  Para- 

d o x i c a l l y ,  however, the  very  exis tence of i n s t a b i l i t i e s  which g ives  

mod i f i ca t ion  i t s  hope, a t  t he  same t i m e  c o n s t i t u t e s  t he  most s e r ious  

s c i e n t i f i c  o b s t a c l e  fac ing  c lear -cu t  experiments:  The n a t u r a l  f l u c -  

t u a t i o n s  i n  hu r r i cane  behavior a r e  so l a r g e  and so poor ly  understood 

t h a t  i t  w i l l  be d i f f i c u l t  t o  e s t a b l i s h  f i rmly  whether a given change 

was produced by the  human act ion,  o r  whether t he  hu r r i cane  would 

have behaved i n  the  observed manner of i t s  own accord.  Since h u r r i -  

canes cafi develop,  c o l l a p s e ,  or e n t i r e l y  r eve r se  course i n  s i x  hours ,  

nothing man can do t o  one can exceed the  n a t u r a l l y  occurr ing  f l u c t u a -  

t ions .  



I n  sc ience ,  when man's experimental ly  produced e f f e c t s  a r e  

only comparable t o  the  n a t u r a l  "noise" l e v e l ,  we f ace  a r e a l  problem. 

W e  need "cont ro ls"  - o r  a l t e r n a t i v e l y  a long,  long series of  exper i -  

mental cases .  Since individual  hu r r i canes  probably d i f f e r  even more 

from each o t h e r  than  do individual  people o r  dogs,  " i d e n t i c a l "  p a i r s  

of hur r icanes  cannot be found; furthermore the much smal le r  storm 

popula t ion  s u i t a b l e  f o r  experiment than e i t h e r  the  human o r  canine 

popula t ions  means t h a t  a s t a t i s t i c a l l y  s i g n i f i c a n t  r e p e t i t i o n  of 

t h e  same experiment might r equ i r e  more than a century!  

Related t o  t h i s  s c i e n t i f i c  problem a r e  the  s e r i o u s  p o l i t i c a l  

and pub l i c  r e l a t i o n s  problems t h a t  immediately embroil any at tempt  

a t  hu r r i cane  experimentat ion.  Without s eve re ly  r e s t r i c t i v e  p r e -  

cau t ions ,  t he  u n r e l i a b l e  behavior of  a "modified" storm can launch 

i t  i n t o  an inhabi ted  reg ion ,  with r e s u l t i n g  f u r o r ,  l a w s u i t s ,  and 

even i n t e r n a t i o n a l  accusa t ions .  I n  such cases ,  i t  cannot be d e t e r -  

mined whether t he  "anomalous" behavior was induced o r  n a t u r a l .  To 

make ma t t e r s  worse, the  news media f r equen t ly  take  advantage of the 

n a i v e t e  of some s c i e n t i s t s  and the  emotional impact of hu r r i canes  

on the  pub l i c  t o  b l a r e  f o r t h  tha t  man-made hu r r i cane  con t ro l  i s  on 

t h e  hor izon  o r  h e r e ;  the  c i t i z e n  then,  q u i t e  reasonably ,  wants t o  

know why Hurricane Hepzibah was allowed t o  des t roy  h i s  chicken farm. 

Hurricane experiments,  even a t  t h e i r  most modest, cos t  l a r g e  

f r a c t i o n s  of a m i l l i o n  d o l l a r s ,  r e q u i r e  more than  a hundred p a r t i c i -  

p a n t s ,  and a t  l e a s t  s eve ra l  spec ia l ized  a i r c r a f t .  They can ha rd ly  
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be c a r r i e d  o u t  i n  s e c r e t ,  and in  most coun t r i e s  p u b l i c  accounta- 

b i l i t y  f o r  such l a rge  expendi tures  i s  r equ i r ed .  And these  expendi- 

t u r e s  cannot a t  p resent  be j u s t i f i e d  by any honest  promises of 

p r a c t i c a l  r e s u l t s .  The investment must be made a s  an e s s e n t i a l  

background, abso lu t e ly  necessary f o r  f u t u r e  b e n e f i t s ,  but no t  

i n  themselves guaranteeing any d i r e c t  road t o  these  b e n e f i t s  - 
which might,  i n  f a c t ,  never be forthcoming. The p o l i t i c i a n s  and 

the  p u b l i c  must be educated with the  he lp  of a r e spons ib l e  p r e s s  

t o  recognize t h i s .  Meteorologis ts  must have enough s e l f - d i s c i p l i n e  

not  t o  e x p l o i t  o r  claim c r e d i t  f o r  t he  inna te  e r r a t i c  behavior of 

t he  hu r r i cane .  Without t hese  r e s t r a i n t s ,  t h e  p o t e n t i a l  b e n e f i t  

t o  sc ience  and t o  humanity w i l l  be s a c r i f i c e d  a t  t h i s  beginning 

s t a g e ,  with r e spec tab le  s c i e n t i s t s  shunning a l l  connection wi th  

mod i f  i c a  t ion  e f f o r t s  . 
The t h e s i s  of t h i s  repor t  i s  t h a t  while p r a c t i c a l  hur r icane  

con t ro l  i s  a dream which may be f i v e  or f i f t y  years  away (or  even 

imposs ib le ) ,  modi f ica t ion  experiments a r e  a r e a l i t y  whose p o t e n t i a l  

i s  j u s t  s t a r t i n g  t o  be explored. They have been begun; they must 

be increased  and g r e a t l y  extended a s  a background i f  p r a c t i c a l  m i t i -  

g a t i o n  of storm hazards i s  t o  be achieved.  Even without  t h i s  hope, 

such experiments can provide acce lera ted  i n s i g h t s  i n t o  hu r r i cane  

behavior  which years  of s t r a i g h t  measurement on n a t u r a l  storms might 

no t  y i e l d .  Moreover, they can lead the  sc ience  of meteorology i n t o  

t h e  ca tegory  of experimental  sciences l i k e  phys ics ,  where the  e f f e c t s  
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I .  

o f  s p e c i f i e d  and pre-determined causes may be s tudied  q u a n t i t a -  

t i v e l y  i n  a real  l a rge - sca l e  atmospheric l abora to ry .  

It i s  of t en  debated whether hu r r i cane  experimentat ion can be 

most f r u i t f u l l y  undertaken i n  the  formation o r  i n  the  mature s t ages  

of t h e  storm. P resen t ly ,  t h e  evidence f avor s  the  l a t t e r ,  i f  a choice 

must be made due t o  l imi t ed  manpower and resources .  The reasons  a r e  

two-fold: F i r s t l y ,  the  causes  of hu r r i cane  formation a r e  ve ry  poor ly  

understood (Yanai, 1964) which would render  a causa l  l i nkage  d i f f i -  

c u l t  t o  e s t a b l i s h  o r  i t s  i n t e r r u p t i o n  dubious e i t h e r  t o  e f f e c t  o r  

t o  prove; and Secondly, t h e r e  may be a s  many a s  f i f t e e n  o r  twenty 

appa ren t ly  i d e n t i c a l  i n c i p i e n t  storms from which only  one w i l l  make 

hu r r i cane .  It w i l l  be a 1ong.time before  man can a f f o r d  t o  opera te  

on every t r o p i c a l  storm t h a t  might reach hu r r i cane  f o r c e .  

On the  o t h e r  hand, t h e  annual number of f u l l  hu r r i canes  

i n  any ocean never exhausts  the alphabet  t o  name them and most of 

t h e s e  remain r e l a t i v e l y  harmlessly a t  sea .  I n  the  mature s t age ,  

t h e  mechanisms and ope ra t ion  of t he  storm engine i s  f a i r l y  w e l l  

documented and understood ( f o r  example, Malkus and R ieh l ,  1960; 

R ieh l ,  1963; Yanai, 1964, 1 o c . c i t . ) .  Therefore ,  i t  has  become poss i -  

b l e  t o  formulate  and tes t  hypotheses on how t h e i r  d e l i c a t e  balances 

might be upse t .  The cu r ren t  s e r i e s  of  hu r r i cane  experiments a r e  

based on one such hypothesis  regarding the  mature storm; i t  depends 

upon modifying (by seeding) the clouds i n  the  storm core .  This  c l a s s  

of  experiment w i l l  be discussed next  i n  Sec t ion  11. I n  Sec t ion  I11 
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w e  w i l l  then  proceed t o  explore  how knowledge gained from these  

and t h e i r  sequels  might be used t o  evolve o the r  experiments on 

the  mature storm and i n  inc ip i en t  storms. F i n a l l y ,  i n  Sec t ion  I V  

w e  w i l l  consider  e n t i r e l y  d i f f e r e n t  c l a s s e s  of  experiments which 

might be contemplated.  

11. Hurr icane experiments involving cloud mod i f i ca t ion  

A .  Techniques and e a r l y  h i s t o r y  

Most cloud modi f ica t ion  techniques involve conver t ing  a 

super-cooled water cloud i n t o  one composed of i c e  o r  snow, us ing  

e i t h e r  d r y  ice o r  s i l v e r  iodide.  I n  the  f r e e  atmosphere, water 

t u r n s  to  i c e  "spontaneously" only when t h e  a i r  i s  co lder  than - 4 O O C .  

Between 0 to  -4OoC, f r eez ing  nuclei  a r e  r equ i r ed ,  and these  a r e  

o f t e n  e i t h e r  i n s u f f i c i e n t  o r  not a c t i v e  enough t o  convert  most of 

t h e  cloud water  i n t o  i c e  when the cloud i s  w a r m e r  than  about -2OOC.  

Seeding normally means p u t t i n g  ice  o r  i c e - l i k e  p a r t i c l e s  i n t o  the  

c loud ,  so i t s  conversion w i l l  take p l ace  a t  h igher  temperatures ,  

t h a t  i s  between O°C t o  - 2 O O C .  

t h e  seeding causes  d i r e c t  sublimation onto the  n u c l e i  and evapora- 

t i o n  of the  p r e - e x i s t i n g  water ,  o r  whether t he  n u c l e i  cause the 

e x i s t i n g  drops t o  f r eeze ;  i n  any case  it: appears  t h a t  a water drop 

cloud becomes one f i l l e d  wi th  snow c r y s t a l s ,  and t h a t  l a t e n t  h e a t  of 

f u s i o n  i s  r e l e a s e d .  

I t  i s  not  y e t  understood whether 

Dry i c e  c r e a t e s  i c e  c r y s t a l s  by c h i l l i n g  the  ad jacen t  a i r  

below -4OOC.  S i l v e r  iod ide  a c t s  a s  a f r eez ing  nucleus apparent ly  
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because i t s  c r y s t a l  s t r u c t u r e  resembles t h a t  of i c e .  It i s  

cheaper than  dry  i c e ,  and from i t  a t  l e a s t  two o r d e r s  of magni- 

tude more i c e  c r y s t a l s  a r e  obtained pe r  gm 

t o  1 0 l 2  f o r  d ry  i c e ,  see Braham and N e i l ,  1958). 

f a l l s  through a cloud and becomes a c t i v e  r i g h t  a t  O°C. 

iod ide  only  begins  t o  be ac t ive  a t  about - 4 O C ,  decays a f t e r  

exposure t o  s u n l i g h t ,  and spec ia l  v e h i c l e s  a r e  necessary  t o  g e t  

i t  t o  f a l l  v e r t i c a l l y  through a c loud,  a s  w e  s h a l l  see. 

- 10 l6  compared 

But dry  i c e  

S i l v e r  

Recent ly ,  i t  has  been suggested (Fukuta, 1963) t h a t  the  

organic  compound metaldehyde would be a most promising seeding 

m a t e r i a l ,  s ince  i t  i s  both cheap and becomes a c t i v e  near f r eez ing ;  

so f a r ,  however, only labora tory  t r i a l s  have been made. Above- 

f r eez ing  cloud seeding has  been attempted with both water drops 

and pulver ized  s a l t  t o  increase r a i n f a l l  by a s s i s t i n g  the  drop 

growth by aggregat ion o r  coalescence; t o  d a t e  i t  has  not  been 

explored whether o r  no t  these approaches would have any va lue  

i n  hu r r i cane  modi f ica t ion .  

Cloud modi f ica t ion  was i n i t i a t e d  by Vincent Schaefer  e ighteen  

years  ago (Schaefer ,  1946) .  H e  f i r s t  found t h a t  d ry  i c e  worked t o  

t ransform supercooled s t r a t u s  c louds i n t o  snow. The use  of s i l v e r  

iod ide  was discovered shor t ly  a f te rward  by h i s  a s s o c i a t e  Vonnegut 

(1947). Insp i red  by Nobel Pr ize  winner I .  Langmuir, Schaefer ,  

Vonnegut and t h e i r  col leagues a t  t he  General E l e c t r i c  Company i n  

the  United S t a t e s  made numerous p ioneer ing  c a l c u l a t i o n s  and expe r i -  
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ments wi th  cloud seeding.  It i s  not  s u r p r i s i n g  t h a t  they  thought 

of us ing  t h e i r  discovery t o  t r y  t o  m i t i g a t e  hu r r i canes .  I n  f a c t ,  

t h e i r  P r o j e c t  C i r rus  performed the  wor ld ' s  f i r s t  hu r r i cane  exper i -  

ment i n  1947 (Schaefer ,  1953). 

This  was s t r i c t l y  an  "exploratory" experiment,  a s  no quan- 

t i t a t i v e  o r  even q u a l i t a t i v e l y  t e s t a b l e  p r e d i c t i o n s  could be 

made i n  advance regarding expected r e s u l t s  of the seeding.  I n  

those  days,  t r o p i c a l  storm research was so  l ack ing  t h a t  t he  

ex i s t ence  o r  amount of supercooled water i n  a hu r r i cane  could 

not  even be guessed. It w a s  planned t o  seed a young storm j u s t  

" to  see what happened" i n  the  hope t h a t  t he  cumulonimbus towers 

might be d i s s i p a t e d  before  they became organized i n t o  a w e l l -  

def ined  storm. It could equal ly  w e l l  have been argued a t  t he  t i m e  

t h a t  the f u s i o n  hea t  r e l e a s e  might i n t e n s i f y  the c i r c u l a t i o n ,  o r  

t h a t  no consequences would be d e t e c t a b l e .  

Ac tua l ly ,  a mature hurr icane was seeded i n  a l o c a t i o n  o f f  

t he  U .  S .  F l o r i d a  Coast,  with a t o t a l  of 180 l b s  of  d ry  i c e .  The 

storm had a 30-mile diameter eye, wi th  wa l l  cloud and rainband 

towers up t o  an est imated 60,000 f t .  The seeding,  however, missed 

these  and w a s  performed f i r s t  a long a 110-mile outward t r a c k  

s t a r t i n g  some d i s t ance  from t h e  cen te r .  A load of 80 l b s  o f  d ry  

i c e  was d ispersed  along t h i s  path.  The observers  r e p o r t  (Schaefer ,  

1953, l o c .  c i t . )  t h a t  s t r a t u s  clouds were subsequent ly  converted t o  

snow over an  a rea  of about 300 square m i l e s .  I n  a d d i t i o n ,  two 
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50-lb loads of  d r y  i c e  were dropped i n t o  a s i n g l e  l a r g e  cumulus 

a t  t he  ou te r  end of the  t r ack ,  bu t  no r e p o r t s  a r e  a v a i l a b l e  

regard ing  the  outcome. 

Unfortunately n e i t h e r  of the  two P r o j e c t  C i r r u s  a i r c r a f t  

was equipped t o  monitor the dynamical o r  s t r u c t u r a l  changes i n  

the  hur r icane ,  o r  t o  make systematic  "before  and a f t e r "  p i c t u r e s  

of cloud p a t t e r n s .  The only  other  index f o r  judging the  e f f e c t  

of t he  ope ra t ion  was the  behavior of t h e  hu r r i cane  dur ing  the  

succeeding day and a h a l f .  Therefore t h e  experiment became the  

sub jec t  of an a c i d  s c i e n t i f i c  controversy.  During the  twelve- 

hour per iod centered  on the  t i m e  of seeding,  t h e  storm - while  

iiioviiig eastward - apparent ly  xeakeiied and t h e r e  was same evideiice 

t h a t  more than  one cen te r  may have e x i s t e d  (Mook e t  a l . ,  1957) .  

Of g r e a t e r  i n t e r e s t ,  however, was the  f a c t  t h a t  dur ing  t h i s  per iod 

t h e  v o r t e x  changed course and began moving slowly westward. U l t i -  

mately i t  moved in land  near Savannah, Georgia,  about 30 hours  a f t e r  

t he  seeding.  

The f a c t  t h a t  l a rge - sca l e  c i r c u l a t i o n s  surrounding t h e  h u r r i -  

cane were a l r eady  changing, pr ior  t o  t h e  seeding ,  i n  a manner which 

would probably have blocked the northeastward pa th  of t he  storm, 

f u r t h e r  compromised a t tempts  t o  eva lua te  the  e f f e c t  of seeding,  s i n c e  

only  synopt ic -sca le  observat ions were a v a i l a b l e  t o  judge the  changes. 

The damage t o  the  Georgia coast  l ed  t o  an  unpleasant  l awsu i t  aga ins t  

t he  experimentors '  o rganiza t ion ,  teaching t h e  l e s son  t h a t  r i g i d  

precaut ions  mus t ' be  taken t o  tamper  only wi th  storms which cannot 
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conceivably s t r i k e  land wi th in  a reasonable  t i m e  t h e r e a f t e r .  

R e s t r i c t i v e  ground r u l e s  of t h i s  type have been drawn up f o r  

the  cu r ren t  experiments;  these l i m i t  t h e  number of a c c e s s i b l e  

A t l a n t i c  storms t o  about 1-2 per yea r ,  un fo r tuna te ly .  

This  experience a l s o  showed c l e a r l y  t h a t  un le s s  some 

means could be found t o  monitor t he  changes occur r ing  i n  h u r r i -  

cane s t r u c t u r e ,  i n t e n s i t y  and movement - i n  d e t a i l  f o r  s eve ra l  

hours  before  and a f t e r  seeding - i t  would remain impossible  t o  

eva lua te  o b j e c t i v e l y  the  r e s u l t s  of any experiment.  It f u r t h e r  

demonstrated t h a t  knowledge of hu r r i cane  s t r u c t u r e  and mechanisms 

had t o  be developed along c e r t a i n  ve ry  s p e c i f i c  l i n e s :  our  under- 

s tanding  of the  machinery had t o  be increased  t o  t h e  p o i n t  where 

we  could p o s t u l a t e  causal  r e l a t i o n s h i p s  and p r e d i c t  t h e  consequences 

of t r y i n g  t o  i n t e r r u p t  t hese  a t  a given l i n k .  I f  cloud seeding was 

t o  be the  means of experiment,  w e  had t o  l e a r n  the  r e l a t i o n  between 

cloud dynamics and storm dynamics, t o  see how a l t e r i n g  one might 

a l t e r  the  o the r  subsequently.  This  motivated,  a t  l e a s t  i n  p a r t ,  

t h e  founding of the  U.S.Weather Bureau 's  Nat ional  Hurricane Research 

P r o j e c t ,  and c o n s t i t u t e s  t he  foundation of i t s  o f f - s p r i n g ,  P r o j e c t  

Stormfury, which i s  ca r ry ing  o u t  the  cu r ren t  hu r r i cane  experiments.  

B .  Hurricane r e sea rch  and t h e  r o l e  of c louds .  

I n  the  summer of 1956, the  U .  S .  Weather Bureau, i n  coopera t ion  

wi th  the A i r  Force and Navy and l ead ing  u n i v e r s i t y  s c i e n t i s t s ,  launched 
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t he  Nat ional  Hurricane Research P r o j e c t .  

i n v e s t i g a t i o n  of the  hur r icane  core by means of  s p e c i a l l y  i n s t r u -  

mented a i r c r a f t ,  supplemented by s t r eng then ing  the  West Ind ie s  

rawinsonde network. 

t h r e e  a l t i t u d e s , o n e  near cloud base,  one i n  t h e  middle t roposphere 

(10 - 17,000 f t )  and one a t  the out f low l e v e l  (about 35,000 f t ) .  

The a i r c r a f t  were equipped t o  record winds, h e i g h t s  of p re s su re  

su r faces ,  temperature,  humidity and cloud water  conten t  every few 

seconds on punched cards  (now magnetic t a p e s ) .  These a r e  fed 

d i r e c t l y  i n t o  a high-speed computer, bypassing the  enormous labor  

i n  reducing a i rbo rne  measurements t o  a form use fu l  t o  the  meteor- 

o l o g i s t .  The da ta  a r e  p r i n t e d  out  i n  coord ina tes  r e l a t i v e  t o  the 

moving storm center  a s  w e l l  a s  i n  geographic l a t i t u d e  and long i tude .  

I n  a d d i t i o n ,  t he  a i r c r a f t  have been equipped wi th  r a d a r s  and cameras 

f o r  cloud s tudy  and o the r  special  ins t ruments ,  such a s  a gus t  probe 

f o r  tu rbulence  measurements. The p re sen t  a i r c r a f t  f l e e t  and i t s  

ins t rumenta t ion  a r e  descr ibed in  a manual by Reber and Friedman (1964); 

they  w i l l  be mentioned f u r t h e r  here  l a t e r  on. 

I ts  mission was d e t a i l e d  

Hurricane f l i g h t s  were u s u a l l y  conducted a t  

About a dozen f u l l  A t l an t i c  hu r r i canes  and one sub-hurr icane 

t r o p i c a l  storm have been penetrated and success fu l  r e s u l t s  analyzed 

and w r i t t e n  up t o  d a t e .  An exce l l en t  review has been publ ished by 

Riehl  (1963a). The s p e c i a l l y  i n t e r e s t e d  reader  i s  r e f e r r e d  t o  s i x  

important pub l i ca t ions  on a s ing le  hu r r i cane ,  Daisy 1958, which a r e  

the  con ten t s  of the  Special  Bibliography herewith.  Probed on t h r e e  
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successive days, aspects of Daisy ranging from cloud structure to 

momentum and energy budgets are described quantitatively; despite 

her harmless career, she has become the world's most studied storm. 

As a result of the Weather Bureau Project, the hurricane is 

undoubtedly the most intimately exposed and best understood class 

of atmospheric circulations. The working of its machinery can be 

described quantitatively and fairly effective mathematical-physical 

models are being constructed from and tested by these observations. 

Most important for our purposes, the vitally important role of 

clouds has been revealed; it has been documented how huge cumulo- 

nimbus towers serve as both the combustion cylinders and fuel pump 

in the hurricane heat engine. 

The crux of a hurricane is its warm central core. Most 

tropical disturbances live and die with a cold interior, which 

precludes their operating as a heat engine to generate strong winds. 

The rarity of hurricane formation in the tropics is explained by 

the great difficulty in establishing the warm center. The structure 

and function of the warm core is illustrated in Fig. 1. The crucial 

relationship is the proportionality between pressure changes or 

gradients along the storm radius and corresponding changes in tempera 

ture of the air columns, as given by the so-called hydrostatic rela- 

tionship, a basic law of the atmosphere. 

The pressure along the top of a hurricane (at 50,000 ft, say) 

has been found not to vary. Within the storm, horizontal pressure 



v a r i a t i o n s  d r i v e  the  winds: these a r e  governed by the  temperature 

s t r u c t u r e .  Warm a i r  columns are l e s s  dense than cold columns and 

t h e r e f o r e  e x e r t  less  p res su re  a t  t he  e a r t h ' s  su r f ace .  To lower 

the  c e n t r a l  su r f ace  p re s su re  t o  about  980 mb, corresponding t o  a 

moderate hu r r i cane ,  the  core  must  be 5 - 6 O C  w a r m e r  than the  su r -  

roundings; t o  lower i t  t o  940 mb, f o r  a severe hu r r i cane ,  t he  hydro- 

s t a t i c  law t e l l s  us  t h a t  t h e  cent ra l  r eg ions  must be warmed 8-10°C 

over the  e x t e r i o r  . 1 

It i s  t h e  sharp drop in  p re s su re  toward the  c e n t e r ,  o r  

"pressure  head" d i r e c t e d  inward t h a t  maintains  the  mass inf low a t  

low l e v e l s  (Fig.  l b )  and therefore  cranks up the  v i c i o u s  r o t a t i n g  

winds of t he  hu r r i cane .  As the a i r  i s  drawn inward toward the  

c e n t e r ,  t he  e a r t h ' s  r o t a t i o n  causes i t  t o  wind up i n  a cyc lonic  

(counterclockwise i n  t h e  Northern Hemisphere) s p i r a l  - l i k e  t h e  

wh i r l i ng  s k a t e r  who draws i n  her extended arms; she must then  

revolve  f a s t e r  t o  conserve angular momentum. While some of the  

h u r r i c a n e ' s  angular  momentum i s  l o s t  t o  t he  rough ocean, t h i s  on ly  

means t h a t  a warmer core  i s  needed t o  d r i v e  the  a i r  a g a i n s t  t h i s  

f r i c t i o n a l  e f f e c t .  

A lo f t ,  q u i t e  a d i f f e r e n t  p i c t u r e  p r e v a i l s ,  a g a i n  governed by 

t h e  warm core .  Warm columns are more expanded than  cooler  ones,  

and thus  a s  w e  go upwards the i r  p re s su re  decreases  more slowly. 

'Note t h a t  t he  calm "eye" i s  of ten  warmer s t i l l ,  due t o  compressional 
h e a t i n g  of t he  a i r  slowly sinking t h e r e .  The "eye", however, probably 
does not  c o n t r i b u t e  u s e f u l l y  t o  wind product ion,  bu t  on ly  the  warmth of 
t h e  cloud wal l  around the  eye,  where the  inf lowing a i r  a c t u a l l y  ascends.  
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I n  the  upper t roposphere,  t he  warm core  e x h i b i t s  h igher  p re s su re  

than  the  surroundings and there  i s  a "pressure  head" d i r e c t e d  out -  

wards, maintaining the  hurr icane outf low.  This  outf low i s  v i t a l  

t o  the  s torm's  ex i s t ence ;  it gets  r i d  of t he  inf lowing mass and 

r e l eased  h e a t ,  which otherwise would s h o r t l y  k i l l  t h e  storm. 

Because of t he  previous l o s s  of angular  momentum a t  low l e v e l s ,  

t h e  abso lu te  r o t a t i o n  o f  t h e  outflowing a i r  i s  less  than  t h a t  of  

t he  inflow so,  r e l a t i v e  t o  the e a r t h ,  i t  becomes an a n t i c y c l o n i c  

(clockwise i n  the  Northern Hemisphere) r o t a t i o n  beyond r a d i i  o f  

50-100 m i l e s  (Fig. I C ) .  

But how i s  the  warm core maintained and why i s  it  so hard 

t o  make one? C lea r ly  i t  i s  e s t ab l i shed  by the  condensat ion of 

water  vapor i n t o  r a i n  a s  t h e  inflowing a i r  r ises - t h a t  i s ,  by 

t h e  l a t e n t  hea t  of condensation. But t hese  processes  oppose. 

L i f t i n g  cools  a i r  by expansion and thus  t h e  condensat ion must occur 

i n  a ve ry  s p e c i a l  way t o  make a n e t  balance toward inc reas ing  o r  

even maintained warmth. F ig .  l a  might be i n t e r p r e t e d  t o  imply a 

gradual ,  uniform ascen t  through t h e  storm i n t e r i o r ,  bu t  t h i s  would 

l ead  t o  cool ing  and cannot be what occurs .  One of t h e  most important 

d i s c o v e r i e s  of the  Hurr icane Pro jec t  i s  t h a t  n e a r l y  a l l  the  a scen t  

i n  the  storm core takes  p l ace  in  very  narrow channels  - t hese  

channels  a r e  the  g i a n t  cumulonimbus clouds c a l l e d  "hot towers" which 

occupy an  average of about 4% o f  t h e  mature hu r r i cane  a r e a ,  becoming 

denser  toward the  cen te r  and reaching maximum concent ra t ion  i n  the  
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eye wa l l .  These clouds compose the  famous s p i r a l  " r a i n  bands" 

observed on r ada r  (Fig.  2 ) .  Nowadays ex tens ive  r a d a r ,  photographic  

and a i r c r a f t  s t u d i e s  of t h e i r  d i s t r i b u t i o n  and s t r u c t u r e  a r e  

a v a i l a b l e  ( e .g .  Malkus, Ronne and Chaffee,  1961; Gentry,  1964). 

The r o l e  of ho t  towers i n  the  s torm's  t r a n s p o r t s  and energy 

budgets has  been documented for Hurricane Daisy,  1958 (Riehl 

and Malkus, 1961).  

To c r e a t e  the full-blown hur r i cane  warm core ,  one f u r t h e r  

e s s e n t i a l  i ng red ien t  i s  requi red ,  and t h a t  i s  an oceanic  h e a t  

source i n  the  storm reg ion  i t s e l f .  The a i r  e n t e r i n g  i n  the  inf low 

must be exposed t o  the  ocean and ab le  t o  p i ck  up enough e x t r a  

warmth from i t ,  so t h a t  when i t  ascends i t s  hea t  conten t  i s  much 

h ighe r  than t h a t  of o rd ina ry  t rop ica l  a i r ;  t h i s  p o i n t  i s  i l l u s -  

t r a t e d  i n  F ig .  3 .  And when the warmed a i r  ascends,  i t  must ascend 

h igh  and f a s t  - the  h igher  t h e  r e l eased  condensation h e a t  g e t s  

be fo re  flowing o u t , t h e  more e f f e c t i v e  i t  i s  i n  lowering the  su r face  

p r e s s u r e ;  computations show tha t  two- th i rds  of the  p re s su re  drop i s  

due t o  warming above 400 mb (about 25,000 f t )  . 

To g e t  t h i s  kind of rapid channel led a scen t  of su r f ace  a i r ,  

s p e c i a l  g i a n t  clouds a r e  necessary.  Cumulus s t u d i e s  have shown ( f o r  

example, Malkus and Williams, 1963) t h a t  small  clouds l o s e  too much 

of t h e i r  precious hea t  content  by mixing with the  surroundings,  and 

p e r i s h  i n  the  low and mid-troposphere. A minimum diameter i s  re- 

qui red  f o r  pene t r a t ion  and heat  t r a n s p o r t  of "undi luted" subcloud 

a i r  t o  g r e a t  he igh t s .  
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I n  summary, a gradual  mass c i r c u l a t i o n ,  o r  small  cumuli, o r  

towers unconcentrated toward the c e n t e r ,  would p e r m i t  the  usua l  

v i c t o r y  of  cao l ing  over warming i n  a scen t ,  so t h a t  a cold co re ,  

non-hurricane d is turbance  i s  the most t h a t  could r e s u l t .  Highly 

concent ra ted ,  l a r g e  diameter "hot towers" i n  the  eye wal l  , t oge the r  

wi th  an oceanic  hea t  source,  are necessary  t o  provide the  warm 

co re ,  and thus  the  extreme pressure  drops needed t o  d r i v e  h u r r i -  

cane winds. These occur i n  spec i f i ab le  p ropor t ion ,  and numerical  

r e l a t i o n s h i p s  between wind s t r eng th ,  warmth of co re ,  ho t  towers,  

and oceanic  hea t  source a r e  now a v a i l a b l e  and t e s t e d  (Malkus and 

R i e h l ,  1960; Riehl  and Malkus, 1961; R ieh l ,  1963) .  

Thus the  l inkages  between cloud and storm c i r c u l a t i o n  a r e  

s u f f i c i e n t l y  understood t o  formulate hypotheses on how man might 

t r y  t o  break t h e  cha in  and r e a l  a tmospheric  experiments can be 

designed t o  t es t  these .  The Stormfury p r o j e c t  and i t s  cu r ren t  

experiments a r e  based on one such hypothes is .  

C .  The phys ica l  b a s i s  of t he  c u r r e n t  hu r r i cane  experiments 

The Stormfury hypothesis ,  beginning with observa t ions  (Simp- 

son,  1963) sugges t ing  t h a t  supercooled water abounds i n  hu r r i cane  

cloud towers,  proposes t h a t  s i l v e r  i od ide  seeding can r e l e a s e  h e a t  

of  f u s i o n  i n  the  eye wa l l ,  the  s i t e  of maximum pres su re  f a l l  toward 

the  c e n t e r .  Making these  hot  towers h o t t e r  would f u r t h e r  lower the  

su r face  p re s su re  i n  i t s  reg ion  of s t e e p e s t  descent ,  reducing and 
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d i sp lac ing  outward the  maximum r a d i a l  p re s su re  g r a d i e n t .  

Normally, t h e  inward-directed pressure  g rad ien t  f o r c e  i s  j u s t  

enough margina l ly  t o  balance the c e n t r i f u g a l  fo rce  on t h e  a i r  

wh i r l i ng  around the  storm center .  By reducing the  p re s su re  gra-  

d i e n t ,  the  balance could be upset so t h a t  t he  c e n t r i f u g a l  fo rces  

dominate, l ead ing  t o  outward displacement of the  a i r .  This  

would be p a r t i c u l a r l y  e f f e c t i v e  i f  an uns t ab le  equ i l ib r ium pre-  

v a i l e d  i n i t i a l l y .  Several  workers (see Yanai, 1964, 1 o c . c i t . )  

have suggested t h a t  " i n e r t i a l  i n s t a b i l i t y "  may occur near  the 

c e n t e r s  of some hurr icanes .  Simplif ied,  t h i s  means t h a t  t h e  

v e l o c i t y  d i s t r i b u t i o n  i s  such t h a t  i f  a i r  i s  given a push outward, 

f o r c e s  w i l l  be brought i n t o  play t h a t  w i l l  a c c e l e r a t e  i t  s t i l l  

f a r t h e r  outward, even i n t o  r i s i n g  p res su re .  

Thus the  seeding could,  by u p s e t t i n g  a marginal balance of 

f o r c e s ,  induce an  outward migrat ion of t h e  w a l l  cloud and thus  in -  

c rease  the  r a d i u s  a t  which the a scen t  of t he  inf lowing a i r  occurs  - 

and t h i s  i s  the  crux of t he  experiment. For the  d i f f e r e n c e  between 

a hu r r i cane  and a mere " t rop ica l  storm" l i e s  no t  i n  t h e  t o t a l  conden- 

s a t i o n  energy r e l e a s e d ,  bu t  i n  the  concen t r a t ion  of the  r e l e a s e  near  

t he  cen te r  (Riehl and Gentry,  1958). Dynamically, i t  i s  the  momentum 

product ion of t he  l a s t  few miles pene t r a t ed  by the  inf low t h a t  l e a d s  

t o  extreme winds. Thus an increase i n  t h e  r a d i u s  a t  which the  

a scen t  takes  p l ace  should r e s u l t  i n  a decrease  of t h e  maximum wind- 

speed. 
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Although the re  a r e  many assumptions and un te s t ed  l i n k s  

i n  t h i s  chain of reasoning,  the magnitude of each e f f e c t  can be 

es t imated  i n  advance, up t o  and inc luding  the  r educ t ion  i n  the  

r a d i a l  p re s su re  g rad ien t .  Thus measurements can t e s t  these  pre-  

d i c t i o n s  and t h e  design of an experiment becomes meaningful,  pro- 

vided t h a t  the  ope ra t iona l  d i f f i c u l t i e s  can be overcome, which i s  

another  c l a s s  of problem. 

The hypothes is  i s  i l l u s t r a t e d  q u a n t i t a t i v e l y  i n  F igs .  4-6.  

Fig .  4 shows t h e  schematic hur r icane  cloud model, synthesized from 

the  observa t ions  discussed e a r l i e r .  Above, w e  look down on t h e  

ra inbands ,  no t ing  t h a t  the  most a c t i v e  p a r t  of t he  eye wal l  i s  

u s u a l l y  found i n  the  r i g h t  f ront  quadrant ,  where t h e  r a d i a l  motion 

i s  f r equen t ly  weakly outward a t  a l l  l e v e l s  ( c f .  F ig .  l b ) .  A 

major f r a c t i o n  of t he  “hot  tower” a scen t  i s  concent ra ted  i n  t h i s  

one chimney a r e a ,  p a r t i c u l a r l y  i n  well-developed s teady  hu r r i canes .  

This  i s  i l l u s t r a t e d  i n  t h e  lower p a r t  of F ig .  4 ,  a schematic c r o s s  

s e c t i o n  through the  storm. 

F ig .  5 shows the modified temperature s t r u c t u r e  i n s i d e  the  

wa l l  chimney, ca l cu la t ed  t o  p reva i l  a f t e r  seeding.  This  ca l cu la -  

t i o n  (by Simpson, Ahrens and Decker, 1963) f i r s t  assumes the  f r eez ing  

of  1 gm p e r  m3 supercooled l i q u i d  water ,  uniformly d i s t r i b u t e d  

between the  f r eez ing  l e v e l  (500 mb) and the  top o f  t he  storm (150 mb). 

Th i s  c o n t r i b u t e s  about h a l f  of t he  roughly 2 O C  temperature  inc rease ;  

t h e  o t h e r  h a l f  comes from the  excess of the  hea t  of subl imat ion over 
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t h a t  of condensation a s  the  cloud towers r i s e ,  now tu rn ing  

water vapor i n t o  i c e  ins tead  of l i q u i d  water as previous ly .  

Also assumed i s  an undis t rubed l e v e l  p re s su re  su r face  a t  150 mb 

and the  expor t  i n  the  outf low a l o f t  of a l l  i c e  c r y s t a l s  formed. 

The p res su re  drop can be computed d i r e c t l y  from t h i s  new 

temperature sounding us ing  the  h y d r o s t a t i c  r e l a t i o n .  It amounts 

t o  6-7  mb, o r  a drop of a l i t t l e  over 200 f t  i n  D-value, which 

means t h a t  a p re s su re  su r face  descends t h a t  f a r .  This  i s  i l l u s -  

t r a t e d  i n  F ig .  6 ,  from which we compute t h a t  the  s t e e p e s t  p re s -  

s u r e  g rad ien t  (here  between r a d i a l  d i s t a n c e s  of 10-20 mi l e s )  i s  

reduced 15-20% and i s  displaced outward by about 10 m i l e s .  How 

much o r  f o r  how long t h i s  should reduce the  windspeed cannot be 

p red ic t ed  q u a n t i t a t i v e l y  a t  t h i s  s t a g e  of our  knowledge. We do 

n o t  know how o r  how soon the  hurr icane fo rces  w i l l  r e a d j u s t  t o  

t h i s  shock, nor can the  amount of response t o  an  outward push be 

p red ic t ed  y e t  from the  theo r i e s  of i n e r t i a l  i n s t a b i l i t y ,  even i f  

i t  i s  e s t a b l i s h e d .  Since some s p e c i f i c  consequences a r e  pre-  

d i c t e d ,  w e  can perhaps l e a r n  mos t  about the  o t h e r s  by ca r ry ing  

o u t  t he  experiment and measuring what i n  f a c t  happens t o  t h e  storm. 

D .  The Stormfury experiment des ign  and p r o j e c t  o rgan iza t ion  

Two f a c t o r s  i n  add i t ion  t o  the  Hurr icane P r o j e c t ' s  c a p a b i l i t y  

made t h i s  experiment ope ra t iona l ly  r e a l i z a b l e .  The f i r s t  was the  

invent ion  of  pyrotechnic  s i l v e r  iod ide  genera tors  which could be 

dropped l i k e  bombs from a i r c r a f t  i n t o  s e l e c t e d  clouds a long  a 
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chosen course.  These were designed and developed by D r .  P i e r r e  

S t .  Amand of t he  U .  S .  Naval Ordnance Test  S t a t i o n .  They con ta in  

s i l v e r  i oda te  wi th  a n i t r a s o l  binder .  The compound burns a t  a 

temperature of 170OoC and y i e lds ,  per  gm of  s i l v e r  iod ide ,  about 

1014 c r y s t a l s  ranging from 0.1 t o  1 . 0  microns i n  s i z e  ( S t .  Amand 

and Henderson, 1962).  

A number of t hese  u n i t s  a r e  dropped i n  the  wal l  c loud,  a s  

shown i n  F ig .  7 ,  along a rad ius  such t h a t  the  f u r i o u s  cyc lonic  

winds c a r r y  a dense shee t  of s i l v e r  iod ide  smoke counterclockwise 

around the  storm cen te r ;  i t  should make a complete c i r c u i t  i n  

1 - 2  hours i f  no t  ra ined  out  previously o r  e j e c t e d  a l o f t  i n  the 

outf low.  

The second v i t a l  enabling f a c t o r  was the  a b i l i t y  of the  U.S. 

Navy t o  coord ina te ,  wi th  radar ,  t h e  p r e c i s i o n  maneuvering of t e n  

s p e c i a l l y  equipped a i r c r a f t .  To e f f e c t  t h i s  s a f e l y  and i n  synchro- 

n i z a t i o n  i n  the  murky and turbulen t  cond i t ions  of  t he  f u l l  hu r r i cane  

i s  no mean achievement and i t  i s  noteworthy t h a t ,  o p e r a t i o n a l l y  

speaking,  t he  experiment has been a success  on a l l  four  t i m e s  

at tempted t o  da t e .  

The Hurricane P r o j e c t  a i r c r a f t  a r e  used i n  the  experiment 

f o r  the  e s s e n t i a l  func t ion  of  monitoring: t h a t  i s ,  f o r  making d e t a i l e d  

measurements of storm core s t r u c t u r e  f o r  a per iod  of 2% hours  before  

seeding and f o r  an a d d i t i o n a l  2% hours  a f t e r  seeding.  The Weather 

Bureau's monitor ing a i r c r a f t  are t h r e e ,  wi th  an occas iona l  f o u r t h .  
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Two a r e  instrumented DC-6's f ly ing  a t  7000 and 18,000 f t  a long 

t h e  success ive  l e g s  l a b e l l e d  A ,  B ,  C e t c .  i n  F ig .  7.  This  e n t i r e  

t r a c k  i s  flown before  seeding,  and the  v i t a l  A ,  B ,  C ,  D ,  E s e c t o r  

aga in  a f t e r  seeding. Winds, p ressures ,  temperatures ,  cloud water ,  

f r eez ing  n u c l e i  counts and cloud s t r u c t u r e  by r ada r  a r e  the major 

measurements recorded.  A s i m i l a r l y  instrumented B-57 i s  operated 

a t  40,000 f t  a long an  almost i d e n t i c a l  t r a c k .  A t  low l e v e l s  a 

B-26 o f t e n  performs s p e c i a l  cloud and rainband s t u d i e s .  The seed- 

ing  i s  done by a Navy A3B ( w i t h  another  a s  back-up). Addit ional  

important monitor ing i s  provided by t h r e e  Navy a i r c r a f t ,  a WC-121  

supe r -cons t e l l a t ion  r ada r  plane which goes back and f o r t h  ac ross  

t h e  eye wal l  making f requent  dropsondes t o  o b t a i n  eye soundings 

and t h e  c e n t r a l  p re s su re  of the storm a s  a func t ion  of time and 

two h igh - f ly ing  photographic planes t o  examine the  cloud changes 

from above. L a s t ,  but  by no means l e a s t ,  an a d d i t i o n a l  WC-121 i s  

used a s  "Command Plane" t o  d i r e c t  a l l  t he  o t h e r s  on t h e i r  courses  

and t o  c o r r e c t  them when they get  o f f  t r a c k .  This  d i r e c t i o n  i s  

done by watching a l l  the  a i r c r a f t  on r a d a r  and guiding them r e l a t i v e  

t o  t h e  r ada r  eye of the storm. When a l l  r a d a r s  a r e  working w e l l ,  

each a i r c r a f t  need never be more than 1-2 m i l e s  o f f  course and the  

DC-6's can be v e r t i c a l l y  synchronized w i t h i n  a minute o r  two. 

It i s  c l e a r  t h a t  such a massive ope ra t ion  i s  too ambit ious,  

r e q u i r e s  too  much manpower, expense and f a c i l i t i e s ,  f o r  any one 

r e sea rch  o rgan iza t ion  o r  even one government agency. Hence P r o j e c t  
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Stormfury was organized as an  Interagency e f f o r t  between t h e  

U. S :  Navy and Weather Bureau, with some of i t s  support  provided 

by the  Nat ional  Science Foundation. A t  t he  t i m e  of o rgan iza t ion ,  

v e r y  s p e c i a l  ground r u l e s  were drawn up concerning what storms 

could s a f e l y  be experimented on; none can be used t h a t  could 

s t r i k e  a land mass w i t h i n  36 hours a f t e r  seeding.  A i r c r a f t  f u e l  

l i m i t a t i o n s  f u r t h e r  preclude s t o r m s  f a r t h e r  than  500 m i l e s  from 

base .  These r e s t r i c t i o n s  mean t h a t  on ly  1 - 2  A t l a n t i c  storms p e r  

season w i l l  on the  average meet t he  experimental  cond i t ions .  

Never the less ,  s i n c e  i t s  incept ion i n  1960, P r o j e c t  Stormfury has  

c a r r i e d  out  the  experiment on two hur r i canes ,  twice each. 

E .  S e t t i n g  of  t he  Stormfury experiment on Hurr icane Beulah, 

1963. 

The f i r s t  Stormfury experiments were run  on Hurr icane Es the r ,  

September 16 and 1 7 ,  1961. The r e s u l t s  have been w r i t t e n  up i n  

d e t a i l  and publ ished elsewhere (Simpson e t  a l . ,  1963, 1 o c . c i t . )  and 

w i l l  l a t e r  be summarized he re ,  i n  comparison wi th  the  Beulah case .  

Only the  pre l iminary  r e s u l t s  from Beulah have been publ ished so f a r  

(Simpson and Malkus, 1963). 

Hurricane Beulah f i r s t  made her  presence known on August 19,  

1963 a s  she emerged from the  vast  unmonitored t r o p i c a l  A t l a n t i c  e a s t  

o f  t he  Lesser A n t i l l e s  i n t o  areas  which could be reached by recon- 

na issance  a i r c r a f t .  A s  she marched westward from he r  b i r t h p l a c e  no 
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weather s a t e l l i t e  was i n  an o r b i t  which could observe t h e  

developments. 

F ig .  8 shows the storm t r a c k  and LocaLian a t  t h e  t i m e s  

of seeding on August 23 and 24. On August 23 the  storm was 

s t i l l  immature and unsteady,  and the eye w a l l  w s . a n  open s e m i -  

c i r c l e  of cloud which w a s  changing p o s i t i o n  r a p i d l y .  A sudden 

s h i f t  occurred j u s t  before  seeding wi th  the  r e s u l t  t h a t  t he  s i l -  

v e r  i od ide  was dropped i n  an  open almost c loud-f ree  p o r t i o n  and 

probably could not  have entered the  t a l l  towers du r ing  the  2% 

hour monitor ing per iod  a f t e r  seeding. We w i l l  thus  concent ra te  

on the  24th when the  experimental o b j e c t i v e s  were achieved.  

F ig .  9 shows the  chronology of development and decay dur ing  

t h e  t i m e  Beulah could be reached by a i r c r a f t ,  inc luding  the  per iod  

of i n t e n s i v e  monitor ing assoc ia ted  wi th  t h e  seed ing  experiment.  

The change i n  the  p a t t e r n  o f  i n t e n s i f i c a t i o n  a t  t h e  time of seed- 

i n g  i s  e s p e c i a l l y  s t r i k i n g ,  with a more than  30-knot drop i n  max- 

imum windspeed and a 15-mb r i s e  in c e n t r a l  p re s su re  fol lowing the  

second seeding.  However, one i s  no more j u s t i f i e d  i n  assuming 

a p r i o r i  t h a t  t h e  i n j e c t i o n  of s i l v e r  iod ide  was d i r e c t l y  respons i -  

b l e  f o r  t hese  changes than one i s  i n  concluding that the course of 

t h e  1947 hur r i cane  r e s u l t e d  from t h e  a p p l i c a t i o n  of 180 pounds of 

d r y  i c e  by P r o j e c t  C i r rus .  Nor conversely,  can i t  be assumed t h a t  

t h e r e  was no connection. 

From F ig .  8 ,  i t  i s  notable  though unfo r tuna te  t h a t  a t  t he  

t i m e  of seeding Beulah was approaching the po in t  of r ecu rva tu re ,  
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moving slowly northward. After a per iod  of r a p i d  deepening f o r  

s eve ra l  days before  the  seeding, i t  f i l l e d  p rogres s ive ly  the re -  

a f t e r .  The 200 mb c i r c u l a t i o n  r e v e a l s  t h a t  on August 23-24 

Beulah was gradual ly  approaching a trough i n  the  upper t roposphere,  

a s i t u a t i o n  which sometimes reduces t h e  e f f i c i e n c y  of hu r r i cane  

out f low c i r c u l a t i o n s  and the  export  of h e a t  from the  storm c e n t e r .  

This  in f luence ,  i n  a d d i t i o n  t o  t h e  c l ima to log ica l  f a c t  t h a t  h u r r i -  

canes tend t o  reach ma tu r i ty  before r ecu rva tu re  and t o  decay a s  

they  move poleward of about  25' t o  30° L a t i t u d e ,  has  t o  be con- 

s ide red  i n  appra i s ing  the  r e s u l t s  of t h i s  experiment.  

However, cons ider ing  the l o g i s t i c  problems i n  mounting a i r -  

c r a f t  support  f o r  such an opera t ion ,  t h e  experimenter r a r e l y  has  

t h e  oppor tuni ty  t o  be c r i t i c a l l y  s e l e c t i v e  i n  choosing a storm 

specimen i n  regard t o  i t s  d i r e c t i o n  and speed of movement. Never- 

t h e l e s s ,  Beulah was very  advantageously s i t u a t e d  wi th  r e spec t  t o  

the  base of opera t ions  i n  Puerto Rico. On both days i t  had f u l l  

hu r r i cane  f o r c e  winds and a typ ica l  c i r c u l a r i t y  t o  i t s  vo r t ex .  

On the  24th,  i t  had a well-defined s t eady  eye w a l l  and s p i r a l  

ra inbands before  seeding.  Moreover, t h e  p o s i t i o n ,  s i z e  and i n t e n s i t y  

were comparable to those o f  Esther dur ing  the  seeding experiment i n  

September, 1961. 

I n  view of t he  unce r t a in ty  i n  the  l a r g e - s c a l e  event  cha ins ,  

w e  eva lua te  and compare the  experimental r e s u l t s  on the  b a s i s  of 

s h o r t e r  per iod  p r e c i s i o n  measurements of v a r i a t i o n s  i n  c i r c u l a t i o n  

and cloud p a t t e r n s  before  and a f t e r  seeding.  
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F.  Resu l t s  of August 24 ,  1963, seeding experiment on 

Hurr icane Beulah 

A t  1611 GCT on August 24,  t he  Navy A3B seeding p lane  dropped 

about 750 l b s  of s i l v e r  iod ide  i n t o  the  eye wal l  of Hurr icane 

Beulah, a long a t r a c k  from 1 5  to 40 miles  from t h e  c e n t e r ,  l i k e  

t h a t  shown i n  F ig .  7 .  Both seeding and monitor ing ope ra t ions  

proceeded according t o  p lan .  

A s t r i k i n g  c o n t r a s t  i s  provided by the "before  and a f t e r "  

p i c t u r e s  of cloud s t r u c t u r e ,  shown i n  F ig .  10. These composites 

were der ived  from an RDR X-band r ada r  mounted i n  the t a i l s  of t he  

two DC-6's so t h a t  t he  antennae r o t a t e  i n  a v e r t i c a l  plane normal 

t o  t h e  a i r c r a f t  heading. The scope g ives  a v e r t i c a l  (RHI) c r o s s  

s e c t i o n  normal t o  t h e  a i r c r a f t ,  so t h a t  cloud h e i g h t ,  s i z e  and 

d i s t a n c e  away a r e  e a s i l y  determined and the  cloud i s  then p l o t t e d  

r e l a t i v e  t o  the  f l i g h t  pa th .  The maps of Fig.  10 a r e  put  toge ther  

from t h e  complete monitor ing t racks  of both DC-6 a i r c r a f t .  

Before seeding,  t h e  cloud p a t t e r n  was s t eady  i n  p o s i t i o n ,  

and F ig .  10a was e a s i l y  composited. Some p u l s a t i o n  i n  tower top 

h e i g h t s  with about 30 min p e r i o d  was observed where do t t ed  high 

towers a r e  shown j u s t  o u t s i d e  the eye wal l  and i n  the  main rainband 

t o  t h e  no r th  of cen te r .  The seeding l o c a t i o n  ( s o l i d  eas t -wes t  l i n e )  

c l e a r l y  r e l eased  the  s i l v e r  iodide j u s t  upwind of the  most a c t i v e  

p o r t i o n  of  t h e  w a l l  cloud. Confirming t h i s  a r e  t h e  f r e e z i n g  n u c l e i  

counts  (Fig.  1 1 ) ;  l a r g e  increases  occurred when sampling was done 
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i n  a c t i v e  convect ive c e l l s  o r  in  the  edge of t he  eye.  The cases  

of l i t t l e  change occurred i n  areas  of s t r a t i f o r m  c loudiness .  

Af t e r  seeding,  t he  cloud p a t t e r n s  show a s t r i k i n g  change 

(Fig.  l o b ) .  The eye wal l  appeared t o  d i s s i p a t e  and reform a t  a 

10-mile g r e a t e r  r a d i u s ,  where the inner  p u l s a t i n g  towers were 

found before  seeding. The major n o r t h e r l y  rainband a l s o  moved 

outward and i t s  towers grew markedly h ighe r .  The cloud p a t t e r n s  

were changing r a p i d l y  dur ing  the 24 hour pos t - seeding  monitor ing 

pe r iod ,  so  t h a t  t he  t r a c k  o f  the a i r c r a f t  (Fig.  7 )  should be 

kept  i n  mind while  examining Fig. l ob .  

The change i n  cloud d i s t r i b u t i o n  sugges ts  t h a t  the mean 

r a d i u s  of t h e  ascending a i r  was d i sp laced  outward fol lowing seed- 

ing ,  c o n s i s t e n t  wi th  the  Stormfury hypothes is .  However, i n  dec id ing  

whether t h i s  i s  c a u s a l l y  connected t o  the  seeding,  w e  a r e  handi-  

capped i n  knowing next  t o  nothing about t h e  n a t u r a l  f l u c t u a t i o n s  

o f  cloud p a t t e r n s  i n  hurr icanes.  We must thus  proceed t o  examine 

t h e  monitored storm c i r c u l a t i o n  and dynamics, t o  determine whether 

measurable changes occurred and, i f  so,  whether these  a r e  a l s o  

c o n s i s t e n t  with the  hypo t h e s i s .  

F ig .  1 2  compares the D-value (he ight  of  p re s su re  su r face  above 

t h a t  i n  s tandard 'atmosphere) p r o f i l e s  before  and a f t e r  seeding on 

August 24 f o r  r a d i a l s  A ,  D ,  E and f o r  the r e a r  quadrant ("in" v e r s u s  

"out" l e g s ,  see Fig .  7 ) .  For A,  t he  va lues  a f t e r  seeding were 

obta ined  wi th in  20 minutes o f  seeding t i m e  whereas those f o r  t he  
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r e a r  quadrant compare va lues  a t  entry t i m e  wi th  those a t  e x i t  

t i m e  and r ep resen t  an i n t e r v a l  of more than 5 hours .  The s lope  

of t hese  curves i s  d i r e c t l y  proport ional  t o  t h e  p re s su re  g rad ien t  

fo rce .  Along each r a d i a l ,  we see t h a t  the maximum s lope  migrated 

outward and was reduced. The average r educ t ion  i n  p re s su re  i n  

the  sec to r  from 10 t o  40 mi les  from the  cen te r  was 16%, i n  

good agreement with the  p red ic t ions  of the  hypothes is .  

F i g s .  13  and 14 show t h e  v a r i a t i o n s  i n  wind speed f o r  two 

of t hese  r a d i a l s  ( t h e  o the r  two, not shown, w e r e  very  s i m i l a r ) .  

"Before" and " a f t e r "  cloud c ross  sec t ions  from the  RDR a r e  d i s -  

played above and below. On a l l  s ec t ions ,  t he  wind maximum lowered 

and migrated t o  a g r e a t e r  d i s tance  from the  c e n t e r .  The l a r g e s t  

change occurred i n  t h e  r e a r  quadrants;  t h e r e  the  comparison i n -  

vo lves  the  g r e a t e s t  e lapsed time. The average r educ t ion  i n  wind- 

speed i s  14% and the  outward migrat ion of t h e  maximum ranged from 

4 t o  10 m i l e s ,  averaging a l i t t l e  above 6 m i l e s .  

Necessar i ly  incomplete ca l cu la t ions  suggest  t h a t  the  

k i n e t i c  energy accumulation r a t e  decreased a f t e r  seeding,  and t h a t  

t he  balance of f o r c e s  was upse t  in  the  d i r e c t i o n  of outward acce l -  

e r a t i o n  i n  the  r i g h t  f r o n t  quadrant. A l l  changes a r e  thus  cons is -  

t e n t  wi th  the  hypothes is ,  but  they a r e  small  i n  comparison with a 

h igh  "noise" l e v e l .  Thus the  establ ishment  of a causa l  r e l a t i o n  

t o  t h e  seeding poses  a d i f f i c u l t ,  perhaps i n s o l u b l e ,  problem t h a t  

w e  cons ider  nex t .  

4 
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G .  Reproducibi l j  ti ' ,  iiatiiral f l u c t u a t i o n s  and planned h u r r i -  

c aiie e xp e r h e  i i  t s . 
Ti e €irsL ques t ion  i n  assessl i ig  c.a,:salit.:; i s  1-0 det.trr::ii:c: 

whether g,lven experixe:iLai resu1i.s a;e i-eprodiic ih le .  Iiurricarie 

Es the r  was seeded a d  monitored i n  the same manner under q u i t e  

s i a t l a r  condi t ions  on September 16 ,  19b1' (Simpson e t  a l . ,  1963) 

TIie r e s u l t s ,  wi th one probable except ion,  were comparable t o  those  

f o r  t he  Beulah case  j u s t  presented.  The v a r i a t i o n s  i n  wind speed 

w e r e  of the  same s i g n  and approximately the  same magnitude. 

However, i n  the  Es ther  case the  r ada r  c louds on the  10 c m  

r ada r  showed a q u i t e  spectacular  disappearance fol lowing seeding .  

About 20 minutes a f t e r  t h e  s i l v e r  i od ide  gene ra to r s  were dropped, 

t h e  10 cm r e t u r n  from the  eye wall downstream from the  seeding  r u n  

began t o  d isappear  and i n  t h e  40 minutes  which followed disappeared 

over  a 160' s e c t o r .  R e f l e c t i v i t y  w a s  r e s t o r e d  one hour a f t e r  seed- 

ing .  The 3 cm rada r  showed a complete eye wa l l  throughout t h i s  

per iod .  

The d i f f e r e n c e  i n  r e f l e c t i v i t y  f o r  3 and 10 cm r a d a r s  could 

have occurred i f  ra indrops  were rep laced  by smaller d r o p l e t s  whose 

d iameters  were less  than about 3 0 0 p  

r e f l e c t i v i t y ,  o r  i f  the  bulk of r e f l e c t i v e  p r e c i p i t a t i o n  w e r e  con- 

, t he  c r i t i c a l  s i z e  f o r  10 cm 

v e r t e d  from quas i - spher ica l  drops i n t o  i c e  Crys t a l s .  Three-cent imeter  

Another seeding experiment on Esther  w a s  a t tempted on the  fol lowing 
1 

day but  f a i l e d  because the  s i l v e r  i od ide  gene ra to r s  were dropped i n  
c l e a r  a i r .  
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r ada r  i s  a b l e  t o  "see" smaller  ra indrops  and snow which cannot 

r e f l e c t  10  cm energy. 

Before accept ing  the f reez ing  exp lana t ion ,  i t  i s  necessary  

t o  no te  t h a t  t he  r ada r  antenna was t i l t e d  so t h a t  much of t h e  r ada r  

energy was re turned  from cloud l a y e r s  below the  f r eez ing  l e v e l .  

Furthermore,  the  s i l v e r  iodide c r y s t a l s  should have been c a r r i e d  

n e a r l y  one-quarter  t h e  way around t h e  c e n t e r  20 minutes a f t e r  

seeding.  This  p o i n t  was r a i sed  a s  a major o b j e c t i o n  a g a i n s t  a 

causa l  r e l a t i o n s h i p  between the radar  change and the  seeding. 

However, experiments on individual  c louds ,  t o  be d iscussed  i n  the  

next  s e c t i o n ,  suggest t h a t  t h e i r  u p d r a f t s '  l i f e  h i s t a r y  i s  g r e a t l y  

a l t e r e d  by a whole cha in  of events i n i t i a t e d  b y  t he  seeding.  It 

i s  poss ib l e  t h a t  a series of s e l f - s u s t a i n i n g  dynamic changes was 

set o f f  i n  the  clouds a t  and near t h e  seeding  l o c a t i o n ,  which i n  

due course a f f e c t e d  t h e i r  p r e c i p i t a t i o n  s t r u c t u r e .  This  po in t  needs 

f u r t h e r  i n v e s t i g a t i o n .  

I n  Beulah, any change i n  r ada r  r e f l e c t i v i t y  was much l e s s  

apparent  and the  q u a l i t y  of the r ada r  photography was inadequate t o  

re  so lve  the  po i n  t sub sequent 1 y . 
It might be suggested tha t  s e v e r a l  more i d e n t i c a l  r e p e t i t i o n s  

of t h i s  experiment must be made. However, even pre l iminary  s t u d i e s  

(by the  Nat ional  Hurricane Pro jec t ,  s ee  Simpson and Malkus, 1964) 

of n a t u r a l  f l u c t u a t i o n s  suggest t h a t  t h e s e  a r e  of comparable magni- 

tude t o  the  post-seeding changes observed i n  Es ther  and Beulah. 
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A two-pronged a t t a c k  on t h i s  formidable but  i n e v i t a b l e  o b s t a c l e  

i s  planned. The f i r s t  cons i s t s  of a g r e a t l y  i n t e n s i f i e d  h u r r i -  

cane experiment of t he  same kind, t e n t a t i v e l y  scheduled f o r  1965. 

This  w i l l  c o n s i s t  of f i v e  o r  s ix  seedings of t he  same storm, 

repea ted  every few hours  over the b e t t e r  p a r t  of a whole day. 

I f  t h e  cu r ren t  Stormfury hypothesis i s  t o  bear f r u i t ,  r e s u l t s  

i n  t h e  d i r e c t i o n  descr ibed  here must show up g r e a t l y  magnified 

and sus t a ined .  The second prong of  t h e  a t t a c k  i s  descr ibed  i n  

t h e  next  s ec t ion .  

111. Indiv idua l  cloud experiments and t h e i r  impl ica t ions  f o r  

hu r r i cane  mod i f i ca t ion ,  

The Stormfury program i s  based on a cha in  of phys ica l  

reasoning.  An a l t e r n a t i v e  t o  t e s t i n g  the  end product  i n  the  f u l l  

hu r r i cane  i s  t o  examine the l i nks  i n  the  hypothes is  a t  each s t e p  

by theory and experiment,  some of which can be performed o u t s i d e  

t h e  hu r r i cane  contex t .  An advantage of t h i s  method i s  t h a t  new 

avenues t o  hu r r i cane  modif icat ion could a r i s e  from i t .  This  p o i n t  

i s  w e l l  i l l u s t r a t e d  by our experiment on s i n g l e  cumulus c louds ,  

undertaken i n  the  summer of 1963. 

This  series of experiments had the  t r i p l e  purpose of t e s t i n g  

the  pyro technic  method of introducing s i l v e r  iod ide  i n t o  c louds ,  

o r  examining t h e  e f f e c t  of such seeding  i n  f r eez ing  t h e i r  super-  

cooled water ,  and of improving e x i s t i n g  mathematical models of 
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cloud behavior.  The r e s u l t s  have been publ ished i n  d e t a i l  e l s e -  

where w a l k u s  and Simpson, 1964; 1964a).  

A t o t a l  of e leven  l a r g e  cumulus clouds were observed by the  

Stormfury a i r c r a f t .  S i x  were s tudied a s  "cont ro ls"  and f i v e  were 

seeded. The con t ro l  c louds a l l  d i ed  w i t h i n  the  normal.15-20 minute 

l i f e  cyc le  without  f u r t h e r  growth. Of the  f i v e  seeded c louds ,  

fou r  were success fu l ly  seeded when t h e i r  tops  were i n  the  super-  

cooled temperature range a t  which s i l v e r  iod ide  i s  e f f e c t i v e .  

These clouds grew spec tacu la r ly  a f t e r  seeding,  i n  two phases .  The 

f i r s t  phase cons is ted  of a 10-20,000 f t  v e r t i c a l  growth, which 

occupied 8-12 minutes.  The second phase was a h o r i z o n t a l  expansion 

more than  doubl ing the  c loud ' s  diameter i n  a few minutes .  The 

r e s u l t i n g  g i a n t  cloud u s u a l l y  pe r s i s t ed  f o r  a t  l e a s t  an  a d d i t i o n a l  

ha1  f hour.  

Each seeded cloud was penetrated by the  two DC-6's before  

seeding and many t i m e s  t h e r e a f t e r  and numerous c a l c u l a t i o n s  have 

been made from these  measurements. I n  a d d i t i o n ,  t h e  clouds were 

photographed and s tudied  on radar from the  Navy command p lane  and 

h e i g h t  ve r sus  t i m e  p l o t s  of t he i r  growth w e r e  thereby cons t ruc ted .  

An example i s  shown i n  Figs .  15 and 16.  

To e s t a b l i s h  the  causa l  connection between seeding and cloud 

explos ion ,  an e x i s t i n g  mathematical model of  cumulus towers (Levine, 

1959; Malkus, 1960) was improved and c a l i b r a t e d  wi th  the  before-  

seeding observa t ions .  This  model p r e d i c t s  the  tower a scen t  r a t e ,  
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temperature and water content  a s  a f u n c t i o n  of h e i g h t ,  given i t s  

r a d i u s ,  t h e  condi t ions  a t  cloud base and an  environment sounding. 

This  model and i t s  assumptions a r e  d iscussed  i n  d e t a i l  elsewhere 

(Malkus, Simpson and Andrews, 1 9 6 4 ) .  It was app l i ed  s u c c e s s f u l l y  

t o  t h e  f i r s t  ( v e r t i c a l )  phase of cloud explos ion ,  confirming 

t h a t  unmodified clouds could not have grown, whi le  conversely,  

t he  e f f e c t s  of seeding would r e a d i l y  produce t h e  v e r t i c a l  develop- 

ment observed. 

es i s  a r e  s t rengthened .  

Thus the  f i r s t  few l i n k s  i n  the  Stormfury hypoth- 

The most important r e s u l t  f o r  our  purposes ,  however, i s  

t h a t  t he  mathematical model can be appl ied  t o  hu r r i cane  clouds t o  

examine t h e  e f f e c t s  of f reezing them, both n a t u r a l l y  and a r t i f i -  

c i a l l y .  F ig .  1 7  shows a sample c a l c u l a t i o n  f o r  cloud towers 4 km 

i n  diameter under mean hurr icane cond i t ions .  The p r o f i l e s  of 

a scen t  rate and excess  temperature f o r  t he  unmodified, unfrozen 

cloud i s  given by the  s o l i d  curves. It i s  assumed t o  r e t a i n  one- 

h a l f  t he  l i q u i d  water condensed, t h e  remainder f a l l i n g  out  a s  p r e -  

c i p i t a t i o n .  This  g ives  i t  a water conten t  of about 2 gm per  m3 a t  

6 km above cloud base,  twice the va lue  used by Simpson e t  a1.(1963) 

i n  the  o r i g i n a l  Stormfury ca l cu la t ion ,  bu t  s t i l l  c o n s i s t e n t  wi th  

very  fragmentary e x i s t i n g  measurements (Ackerman, 1 9 6 4 ) .  

The a r t i f i c i a l l y  seeded cloud performance i s  shown by the  

dashed and x-ed curves;  t h i s  r e l e a s e s  the  fus ion  h e a t  l i n e a r l y  

between -4OC and -8OC,  following t h e  model. The warming r e l a t i v e  



- 34 - 

t o  t he  unfrozen cloud i s  considerable ,  and i s  e a s i l y  enough t o  

account f o r  t h e  p re s su re  drop requi red  by the  Stormfury hypothes is  

(Malkus and Simpson, 1964a).  However, q u i t e  a d i f f e r e n t  s i t u a -  

t i o n  would p r e v a i l  i f  hurr icane clouds f r e e z e  by themselves.  

The d o t t e d  curves show a na tu ra l ly  f r e e z i n g  cloud,  which r e l e a s e s  

i t s  f u s i o n  hea t  l i n e a r l y  between -15OC and -3OOC. The warming 

and p res su re  drop of  the  seeded r e l a t i v e  t o  the  unseeded cloud 

a r e  now cu t  i n  h a l f .  The prognosis f o r  the  Stormfury experiment 

thus  appears  r a t h e r  more gloomy, i f  n a t u r a l  hu r r i cane  clouds 

f r e e z e  most of t h e i r  water by -3OOC (about 33,000 f t ) ;  whether 

o r  no t  t h i s  occurs  i s  e n t i r e l y  unknown a t  t h i s  po in t .  

However, a s  i s  so o f t e n  the  case  i n  sc ience ,  a hypothes is  

may prove t o  work f o r  t he  "wrongtf o r  unan t i c ipa t ed  reasons and t h e  

Stormfury cumulus experiment suggests t h i s  p o s s i b i l i t y  i n  the case 

o f  t he  Simpson hur r i cane  hypothesis .  The model i l l u s t r a t e d  i n  

F ig .  1 7  t r e a t s  on ly  the  f i r s t  phase of post-seeding cumulus cloud 

explos ion .  I n  the  second (hor izonta l  expansion) phase , t he  cloud 

temperature excess  over i t s  environment was observed t o  double o r  

t r i p l e ,  which could not be explained by fus ion  hea t  a lone.  Fu r the r -  

more, t he  supercooled l i q u i d  w a t e r  conten t  i n  small  drop s i z e s  in -  

c reased  d e s p i t e  myriads of i c e  c r y s t a l s  - t h i s  sugges ts  t he  dynamic 

i n v i g o r a t i o n  of the  e n t i r e  cloud system. If t h i s  type of dynamic 

i n v i g o r a t i o n  were t o  follow seeding i n  hu r r i cane  c louds ,  t he  warming 

r equ i r ed  by the  Stormfury hypothesis could r e s u l t  even i f  t he  
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unmodified clouds f r eeze  n a t u r a l l y  (but more s lowly) .  The h u r r i -  

cane Es ther  r ada r  r e s u l t s  a r e  perhaps i n t e r p r e t a b l e  i n  t e r m s  of 

t h i s  second phase.  

These p o i n t s  can be e s t ab l i shed  by we l l -d i r ec t ed  measure- 

ments i n  f u t u r e  experiments.  But i t  i s  c l e a r l y  of  h i g h e s t  p r i o r i t y  

t o  determine the  amount of supercooled water and the r o l e  of  

f r e e z i n g  i n  the  unmodified s i t u a t i o n ,  f o r  upon t h i s  the  course and 

p rognos i s  of hur r icane  modif icat ion l a r g e l y  depends. 

t h i s  ou t  c l e a r l y :  The warm core i s  the  crux of t he  hu r r i cane  

engine.  Via cloud modif icat ion w e  a t tempt  t o  a l t e r  the  warm core .  

To b r ing  

I f  cloud water remains l a r g e l y  supercooled, and l i t t l e  i s  f rozen  

i n  n a t u r e ,  then  experiments of the  Stormfury type a r e  the  most 

promising, where p a r t  of t h e  warm core  i s  i n t e n s i f i e d  by sudden 

forced  f r eez ing .  On the  o ther  hand, if fus ion  hea t  p l ays  an  impor- 

t a n t  r o l e  i n  the  n a t u r a l  storm, i t  might be b e t t e r  t o  prevent  i t s  

r e l e a s e ,  i f  p o s s i b l e .  

F ig .  1 7  b r ings  home t h i s  l a t t e r  suggest ion.  By prevent ing  

t h e  n a t u r a l  fu s ion  used i n  the  model, we b r ing  down the  cloud from 

t h e  do t t ed  t o  t h e  s o l i d  curves,  reducing i t s  he igh t  by 10,000 f t  

and cool ing  i t  by about 2 O C  i n  i t s  upper p o r t i o n s .  

a c t u a l l y  be achieved and sus ta ined ,  i t  would appear t h a t  t h e  v i t a l  

t r a n s p o r t  of h e a t  t o  t h e  upper t roposphere might be s i g n i f i c a n t l y  

c u t  down o r  even e l imina ted .  I t  w i l l  be r e c a l l e d  t h a t  t h e  upper 

I f  t h i s  could 

p o r t i o n  of the  warm core i s  the v i t a l  p a r t  i n  reducing t h e  su r face  

p re s su re  and i n  d r i v i n g  the fur ious winds. So f a r  no way of p reven t ing  
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f r e e z i n g  i n  c louds i s  known; however, a q u a n t i t a t i v e  modi f ica t ion  

hypothes is  can be evolved on t h i s  b a s i s  i n  t h e  hope t h a t  such a 

means might be found. 

A new cloud modif icat ion technique i s  under development, 

however, which might conceivably achieve p a r t  of t he  same purpose.  

A method of  prevent ing  cloud drop growth by coalescence has  been 

1 proposed and subjec ted  t o  prel iminary t e s t  by Weickmann . I f  the  

cloud drops were prevented from growing enough t o  f a l l  o u t  from 

t h e  r i s i n g  tower, t h e i r  weight would load i t  and i n h i b i t  i t s  

growth. Our model assumed one-half t he  condensate f e l l  o u t ;  s i m -  

i l a r  c a l c u l a t i o n s  a r e  r e a d i l y  undertaken t o  a s s e s s  t h e  i n h i b i t o r y  

e f f e c t s  of vary ing  f r a c t i o n s  of water r e t e n t i o n  i n  the  tower. 

Of course ,  i t  i s  q u i t e  poss ib le  t h a t  t h e  e x t r a  load of 

water  c a r r i e d  upward would j u s t  supply the  cloud wi th  more f r eez ing  

m a t e r i a l  a l o f t ,  so t h a t  the fusion h e a t  would l a t e r  compensate o r  

overcompensate f o r  t he  added weight. The p o i n t  t o  emphasize i s  not  

our  p re sen t  u n c e r t a i n t y  regarding the  outcome of such an exper i -  

ment, bu t  r a t h e r  t h a t  techniques a r e  a v a i l a b l e  t o  t r y  ou t  t hese  

hypotheses,  both i n  numerical cloud models and i n  a c t u a l  atmospheric 

experiments on ind iv idua l  cumuli. These coupled wi th  hu r r i cane  

r e sea rch  i n  f a c t  o f f e r  the  m o s t  hopeful avenues toward eventual  storm 

modif ica t ion .  

'Personal communication. It i s  a homogeneous nuc lea t ion  process  f o r  
t h e  formation of condensation n u c l e i  c o n s i s t i n g  of H SO 2 4' 
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I V .  Other p o t e n t i a l  approaches t o  hu r r i cane  mod i f i ca t ion  

A .  Numerical models 

The numerical models discussed above w e r e  s i m p l i f i e d  

t rea tments  of a s i n g l e  cumulus cloud tower. Many a t tempts  a t  

modeling the  whole storm c i r c u l a t i o n  have been t r i e d  i n  the  

p a s t  decade, most of them with l i t t l e  o r  no success .  The reason 

i s  only  p a r t l y  explained by the genera l  s ta tement  t h a t  modeling 

of any three-dimensional atmospheric process  i s  d i f f i c u l t  i n  

t h e  p re sen t  s t a t e  of knowledge and of computer capac i ty .  A 

s p e c i a l  d i f f i c u l t y  a rose  i n  t r e a t i n g  the  hur r icane :  when a l l  

s c a l e s  ( s i z e s )  of motion were permit ted t o  grow i n  the  models, 

t h e  cumulus cloud s i z e  r a n  away and completely dominated so t h a t  

s torm-s ize  motions could n o t  be de t ec t ed .  When n a t u r e  forms a 

hu r r i cane ,  then  the  cumulus and s torm-scale  motions cooperate ,  

n o t  compete. The s torm-scale  motion produces convergent low-level 

in f low which t h e  cumuli feed on t o  r e l e a s e  the  h e a t  t o  d r i v e  the  

s torm-sca le  flow. But a s  w e  know, t h i s  s p e c i a l  i n t e r a c t i o n  r e q u i r e s  

s p e c i a l  circumstances,  no t  f u l l y  understood. 

This  phys ica l  idea of  cooperat ion between s c a l e s  of motion 

was used by Charney and El iassen  (1964) t o  develop t h e  foundat ions 

f o r  t he  f i r s t  "successful"  numerical hu r r i cane  models. They used 

balanced-force equat ions f o r  the l a r g e - s c a l e  flow and parameter ize  

r a t h e r  than  d i r e c t l y  introduce the  hea t ing  by the  clouds:  t h a t  i s  

they  formulate the  condensation r e l e a s e  i n  terms of t h e  convergence 
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of moist  a i r  a t  cloud base,  which i s  a l l  assumed t o  go up i n  

u n d i l u t e  "hot towers" a s  developed i n  prev ious  t h e o r e t i c a l  and 

obse rva t iona l  s t u d i e s  ('Malkus and R ieh l ,  1960; Riehl  and Malkus, 

1961).  Their  s tudy thereby br ings out  t he  s u r p r i s i n g  and important 

p o i n t  t h a t ,  i n  t he  e a r l y  s t ages  of the  storm, su r face  f r i c t i o n  i s  

a necessary  d e - s t a b i l i z i n g  force ,  because i t  provides  the  flow 

convergence t o  feed the  clouds.  I n  l a t e r  high-wind s t a g e s ,  i t s  

r o l e  a s  energy d i s s i p a t o r  can balance o r  overbalance t h i s .  

The Charney-Eliassen formulation does not  t e l l  u s  why nor 

even under what ex te rna l  condi t ions a hu r r i cane  w i l l  grow; i t  only  

t e l l s  u s  t h a t  one w i l l  grow, of t he  proper  s i z e  and t ime-sca le ,  i f  

t h e  input  condi t ions  a r e  properly app l i ed .  Never the less ,  t h e i r  work 

i s  a major advance which i s  being c a r r i e d  f u r t h e r  on the  high-speed 

computers by o t h e r s  ( f o r  example, Ogura 1964) .  So f a r ,  t h e  v e r t i c a l  

s t r u c t u r e  of t he  storm i s  highly ove r s impl i f i ed  and t h e  manner and 

phys ica l  mechanism of the c loud ' s  b e s t  r e l e a s e  i s  e n t i r e l y  bypassed. 

Thus i t  should be c l e a r  t h a t  we cannot y e t  t r y  meaningful 

"modif icat ion" experiments on  model hu r r i canes  by changing v a r i o u s  

inpu t  parameters  fed t o  the  computer. It i s  u n l i k e l y  t h a t  t h i s  goal 

can be r e a l i z e d  p r i o r  t o  the  advent of t h e  new one hundred-times 

f a s t e r  computers, and more hur r icane  r e sea rch ,  bu t  it i s  one worthy 

of  a heavy investment a t  t h i s  t i m e .  
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B .  Poss ib l e  i n h i b i t i o n  of t h e  oceanic  hea t  and moisture  

sou rce ,  

A s  w e  saw i n  Sec t ion  I I B ,  an oceanic  hea t  source ope ra t ing  

w i t h i n  the  storm i t s e l f  i s  the  second e s s e n t i a l  i ng red ien t  t o  sus-  

t a i n  the  warm core of a f u l l  hurr icane.  The e x t r a  h e a t  source 

comes th ree  p a r t s  i n  the  form of moisture  from evapora t ion  t o  

one p a r t  d i r e c t  hea t ing  from the warm sea .  Both h e a t  i npu t s  a r e  

enormously enhanced, by the s t rong winds, over t he  normal t r o p i c a l  

s i t u a t i o n .  Could w e  reduce or prevent  t h e  warm core  by i n h i b i t i n g  

one o r  both of these  hea t  t r ans fe r s?  

The dea th  of hur r icanes  when they pass  in land  s u r e l y  sugges ts  

t h i s  hope, i f  a means of suppressing s e a - a i r  t r a n s f e r  could be 

found. Very e f f e c t i v e  (90-1000/,) evapora t ion  suppress ion  has  been 

achieved i n  r i c e  paddies  (Mihara, 1962) us ing  monomolecular f i lms  

of  docosanol with e thylene  oxide. However, t he  f i l m  t e a r s  and i s  

swept away i n  winds exceeding a few meters  per  sec .  T e l l e r  has  

descr ibed  work on f i lms  which w i l l  endure high winds and waves and 

could be spread over a r e a s  several  hundred m i l e s  on a s i d e .  These 

1 

would a t  t h e  same t i m e  presumably cu t  down t h e  wind stress on t h e '  

water and thus ,  fol lowing the  reasoning of Charney and E l i a s sen  

(1964, 1 o c . c i t . )  g r e a t l y  a l s o  reduce t h e  inf low convergence and 

convect ive h e a t  r e l e a s e  of the developing storm. 

Although s t i l l  i n  the  realm of specu la t ion  a t  p re sen t ,  t h i s  

would appear a promising channel of r e sea rch  f o r  f u t u r e  modifica- 

l pe r sona l  d i scuss ion  wi th  one of the  writers. 
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t i o n  experiments,  wi th  a major r e se rva t ion  r ega rd ing  storm movement. 

Hurr icanes u s u a l l y  t r a v e l  from 100 t o  700 m i l e s  per  day. For t h i s  

technique they  could only  be caught i n  t h e i r  s t a t i o n a r y  o r  very  

slow-moving phases ,  which sometimes occur e a r l y  i n  t h e i r  l i f e t i m e  

i n  the  t r o p i c s  o r  l a t e r  a t  recurva ture ,  bu t  r a r e l y  i n  t h e i r  march 

toward a c o a s t a l  a r ea .  

A r e l a t e d  l i n e  of s tudy involves t h e  r o l e  of sea s a l t  i n  

t h e  hu r r i cane .  Woodcock (1958) has computed t h a t  t he  observed 

warming of t h e  subcloud a i r  could be brought about by condensat ion 

on s a l t  p a r t i c l e s .  The high winds r a i s e  a cloud of t hese  from the  

sea  i n  foam and bubbles;  they  are c a r r i e d  up i n  the  cumulus towers 

and f a l l  slowly back aga in  i n  the lower humidity a i r  between clouds.  

When they  r e - e n t e r  t he  mois te r  (about 90% r e l a t i v e  humidity) a i r  

below cloud base,  cons iderable  condensation on them can occur ,  

r e l e a s i n g  enough hea t  t o  account f o r  t h e  warming which occurs .  I f  

t h i s  r o l e  of s a l t  n u c l e i  can be  f i rmly  e s t a b l i s h e d ,  a r t i f i c i a l  

changing of t h e i r  number o r  hygroscopic p rope r ty  might be considered.  

C.  Poss ib l e  a l t e r a t i o n  of r a d i a t i v e  processes  i n  the  high 

t roposphere . 

Simpson (1964) has  proposed another  method f o r  a l t e r i n g  t h e  

ba lance  of  f o r c e s  i n  hu r r i canes ,  r e l a t e d  t o  t h e  Stormfury hypothes is  

b u t  q u i t e  d i f f e r e n t  i n  technique. This  i s  the  p o s s i b i l i t y  of imposing 

a c o n s t r a i n t  upon the  n e t  outgoing r a d i a t i o n  over one s e c t o r  of the  

hu r r i cane .  
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This  experiment would seek t o  d isseminate  ve ry  small  p l a s t i c  

bubbles ,  with h igh  abso rp t iv i ty  t o  i n f r a - r e d  r a d i a t i o n ,  i n  an a rea  

near  t h e  r e l a t i v e  "cusp point"  i n  c i r c u l a t i o n  over a mature storm. 

This  p o i n t  i s  usua l ly  loca ted  t o  t h e  l e f t  of cen te r  j u s t  above t h e  

tropopause.  It i s  a calm area  which t r a v e l s  w i th  the  hu r r i cane .  

Therefore  m a t e r i a l s  spread over an  a rea  25 m i l e s  square would tend 

t o  move wi th  the  storm center  and d i f f u s e  outward very  slowly. 

I f  so, i t  may be poss ib l e  thereby t o  c r e a t e  an asymmetry of u l t i -  

mate importance t o  the  hurr icane s t r u c t u r e  and c i r c u l a t i o n .  This  

i s  a r e a l i z a b l e  experiment which might be c a r r i e d  out  w i t h i n  a 

year  o r  two. 

I n  c o n t r a s t ,  t h e r e  a r e  o ther  much more d i s t a n t ,  but  s t i l l  

i n t e r e s t i n g ,  p roposa ls  regarding a l t e r a t i o n  of r a d i a t i v e  p r o p e r t i e s  

i n  t h e  high atmosphere. 

and t h e i r  p o s s i b l e  modif icat ion,  Riehl  (1963a, 1 o c . c i t . )  has poin ted  

t o  the  importance of a c i r r u s  s h i e l d  i n  p r o t e c t i n g  the a i r  below from 

r a d i a t i o n a l  h e a t  l o s s e s .  From s a t e l l i t e  r a d i a t i o n  measurements, 

i t  i s  shown t h a t  a i r  under t h i s  upper cloud canopy would warm up by 

about l0C i n  24 hours ,  r e l a t i v e  t o  t h e  o u t s i d e  a i r ,  as a r e s u l t  of 

t h i s  one e f f e c t  a lone .  Riehl  sugges ts  t h a t  t h i s  may be impor tan t ,  

even d e c i s i v e ,  i n  warm core formation. He emphasizes, however, t h a t  

sub-hurr icane t r o p i c a l  storms have cloud canopies t h a t  probably 

would show s i m i l a r  r a d i a t i v e  p r o p e r t i e s  t o  s a t e l l i t e  measurements. 

I n  a recent  review a r t i c l e  on hu r r i canes  

Suggestions have been made t h a t  the  r a d i a t i o n r p r o t e c t i v e  
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p r o p e r t i e s  of such canopies could be reduced by s c a t t e r i n g  

s p e c i a l  p a r t i c l e s ,  l i k e  s o o t ,  in  t he  high atmosphere, o r  even 

t h a t  t hese  high clouds might thereby be d i s s i p a t e d ,  conceivably 

prevent ing  storm formation. Certain "danger a reas"  such a s  the  

Gulf of Mexico could be monitored by s a t e l l i t e s  and t h e  d i s s i -  

p a t i v e  m a t e r i a l s  spread by rocket  o r  a i r c r a f t  when t h e  t h r e a t -  

ening c i r r u s  s h i e l d  f i r s t  appears.  Such i d e a s  a r e  sheer  specula-  

t i o n  a t  the  p re sen t  t i m e  and should no t  be taken s e r i o u s l y .  

Furthermore,  s ince  hur r icanes  and t r o p i c a l  storms a r e  a 

major v i t a l  summer r a i n f a l l  source f o r  the  South Cent ra l  United 

S t a t e s ,  and f o r  o the r  a reas  of the  world,  cau t ion  must be exer ted  

a g a i n s t  k i l l i n g  a l l  t r o p i c a l  storms, i f  and when t h i s  should loom 

as  a r e a l  p o s s i b i l i t y !  It would appear b e t t e r  t o  t r y  t o  reduce 

t h e  hu r r i cane  f o r c e  winds and leave t h e  rest  of t h e  storm i n t a c t ,  

a s  do those experiments such as Stormfury which are aimed a t  the  

wal l  cloud and inmost warm core. 

V .  Concluding remarks. 

Some of the  hu r r i cane  modif icat ion schemes j u s t  mentioned 

sound much l i k e  sc ience  f i c t i o n ,  and could indeed be t h a t .  It 

might be r e p l i e d  t h a t  t w o  decades ago space t r a v e l  and moon rocke t s  

were sc ience  f i c t i o n .  It should be emphasized, i n  conclusion,  t h a t  

hu r r i cane  modi f ica t ion  i s  q u a l i t a t i v e l y  q u i t e  a d i f f e r e n t  problem 

from t h a t  of space probing: it  i s  f i r s t  of a l l  a s c i e n t i f i c  problem, 
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and only subsequently an engineer ing problem. 

could manipulate energy comparable t o  t h a t  of the  storm i t s e l f ,  

he s t i l l  would not  know how t o  d i r e c t  i t  t o  des t roy  o r  d e f l e c t  

t he  hur r icane .  H i s  f i r s t  task must be  t o  l e a r n  enough about 

atmospheric phys ics  and dynamics t o  do t h i s ;  i t  i s  no t  simply 

a ma t t e r  of mounting a technological  e f f o r t .  

For even i f  man 

Hurr icane research  and c a r e f u l l y  designed hu r r i cane  exper- 

iments,  without  immediate p r a c t i c a l  promise, must be continued 

and acce le ra t ed .  A t e s t a b l e  physical  hypothes is  i s  e s s e n t i a l  a s  

a b a s i s .  Random explora tory  experiments a r e  almost su re  t o  be 

q u i t e  u s e l e s s ,  no t  on ly  because of  t h e  huge ene rg ie s  involved but  

because of t he  e r r a t i c  behavior and high n a t u r a l  no i se  l e v e l  ex- 

h i b i t e d  by the  phenomenon. S t a t i s t k c a l  eva lua t ion  a lone  i s  no t  

a s a t i s f a c t o r y  t o o l  t o  e s t a b l i s h  causa l  r e l a t i o n s  i n  hu r r i canes ,  

both because of l ack  of "control"  storms and because of t he  long 

series of experiments,  perhaps over  a century ,  r equ i r ed  f o r  a v a l i d  

s t a t i s t i ca 1 samp 1 e . 

Phys ica l  hypotheses,  on the  o t h e r  hand, can be t e s t e d  a t  

each l i n k  i n  t h e i r  chain,  some o u t s i d e  the  hur r icane  con tex t ,  where 

e a s i e r  ope ra t ion  and b e t t e r  con t ro l s  are poss ib l e .  The c u r r e n t  

Stormfury hypothesis  i s  s t i l l  hopefu l ,  bu t  even i f  i t  i s  not  success-  

f u l  i n  l ead ing  t o  p r a c t i c a l  modif icat ion,  t e s t i n g  i t  has  a l r eady  

added t o  hur r icane  knowledge and has  suggested o t h e r  experiments 

and a l t e r n a t i v e  hypotheses.  
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For both economic and scientific reasons, the hurricane 

is today probably the most hopeful avenue of weather modifica- 

tion studies; this avenue must be pursued with a high degree of 

combined enthusiasm and caution. 
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T i t l e s  f o r  I l l u s t r a t i o n s  

F ig .  1. The r o l e  of t he  hurr icane warm core ( a f t e r  R ieh l ,  1963a) 

a .  V e r t i c a l  c i r c u l a t i o n  through a hu r r i cane ,  ou t -  

l i n e  of the  main cloud mass, and temperature  d i s t r i b u t i o n .  

b. Low-level (1000 f t  e l eva t ion )  s t r eaml ines  i n  h u r r i -  

cane Donna southeas t  of F lo r ida  i n  September 1960. The 

open arrow i n d i c a t e s  the  d i r e c t i o n  of hu r r i cane  motion. 

c .  Upper-level (45,000 f t )  s t r eaml ines  i n  hu r r i cane  

Donna. 

F ig .  2 .  D i s t r i b u t i o n  of  radar  echoes ( the  s o l i d  a r e a s  a r e  in t ense  

echoes,  ou t l i ned  areas a r e  of l e s s e r  i n t e n s i t y )  f o r  h u r r i -  

cane Daisy on 25 August, 1958, 1800-2300 GCT. The f l i g h t  

pa th  of t h e  observing a i r c r a f t  (National Hurricane R e -  

search P ro jec t )  a t  37,000 f t  i s  shown. Sca le  i s  ind ica t ed  

i n  n a u t i c a l  mi l e s .  (Courtesy William Gray, Colorado ,Sta te  

Un ive r s i ty ) .  

F ig .  3 .  Temperature i n  degrees Centigrade p l o t t e d  a g a i n s t  the  

logar i thm of pressure ( e s s e n t i a l l y ,  a g a i n s t  h e i g h t ) .  

Dashed l i n e :  S t ruc ture  observed i n  the  mean atmosphere 

from bal loon soundings over t he  Caribbean i n  summer. 

So l id  l i n e s :  S t ruc ture  obtained from u n d i l u t e  a scen t  of 

trade-wind a i r  and s t r u c t u r e s  r equ i r ed  wi th in  a moderate 

and severe hurr icane i n  the  heavy cloud mass around the  

eye of  a hur r icane .  Note t h a t  both hur r icane  soundings 
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r e q u i r e  warming a t  low l e v e l s  - e x t r a  h e a t  a d d i t i o n  from 

oceanic  source - t he  severe hu r r i cane  more than the  moder- 

a t e  one. (After Riehl ,  1963a).  

F ig .  4 .  Schematized model of cloud s t r u c t u r e  and d i s t r i b u t i o n  i n  

mature hur r icane .  The primary energy c e l l  (cumulonimbus 

chimney) i s  loca ted  i n  t he  a rea  enclosed by the  broken 

l i n e .  (After  Simpson, Ahrens and Decker, 1963).  

F ig .  5.  V e r t i c a l  s t r u c t u r e  (sounding, compare with F ig .  3) of a i r  

i n  hur r icane  per iphery (curve A) and unmodified and modi- 

f i e d  (B and C) a i r  r i s i n g  i n  the  chimney a rea  of the eye 

wa l l .  (After  Simpson, Ahrens and Decker, 1963).  

F ig .  6 .  Ant ic ipa ted  change i n  s lope of p re s su re  s u r f a c e s  due t o  

seeding.  The s lope  of t hese  curves i s  p ropor t iona l  t o  the  

p re s su re  g rad ien t  force.  The absc i s sa  i s  d i s t a n c e  from 

storm cen te r ;  t he  ord ina te  i s  D-value, which i s  the  depa r tu re  

i n  he ight  of a pressure su r face  from i t s  he igh t  i n  the s t an -  

dard atmosphere. (After Simpson, Ahrens and Decker, 1963).  

F i g .  7 .  Seeding and monitoring p a t t e r n s  f o r  a i r c r a f t  i n  the  Stormfury 

experiment. The seeding plane f l i e s  outward along A ,  drop- 

ping the s i l v e r  iodide gene ra to r s  i n  the  reg ion  of the  c i r -  

c l e s .  The monitoring p a t t e r n s  a r e  shown by the  t r a c k s  A ,  

B ,  C e t c .  These a r e  to be performed before  and a f t e r  seeding.  

The open arrow ind ica t e s  the  d i r e c t i o n  of storm motion. 
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Fig .  8 .  

F ig .  9. 

Hurricane Beulah t r ack  20-28 August 1963 and seeding pos i -  

t i o n s  and t i m e s  (Tango). The a i r c r a f t  were based a t  Roose- 

v e l t  Roads, Puerto Rico. 

Chronology of hurr icane Beulah ' s  c e n t r a l  p re s su re  ( l e f t  

s c a l e )  and maximum windspeed ( r i g h t  s c a l e ) ,  August 20-27, 

1963. Times of  seeding denoted by v e r t i c a l  l i n e s .  

F ig .  10.  Before and a f t e r  radar  composites of cloud s t r u c t u r e  i n  

hu r r i cane  Beulah, August 24, 1963. 

a .  Before seeding (seeding time 16112 o r  Greenwich) com- 

p o s i t e ,  cons t ruc ted  from RDR f i l m  made from both D C - 6  a i r -  

c r a f t  f l y i n g  the  monitoring t r a c k s  of F ig .  7 between 1350- 

1611 GCT. 

Numbers g ive  h e i g h t s  of echoes i n  thousands of f e e t .  

Dotted echoes a r e  t r ans i en t  o r  pu l sa t ing .  S t r a t u s  cloud 

denoted by hatched regions;  c i r r u s  by shaded reg ions .  

Seeding t r a c k  shown by s o l i d  l i n e .  Note t h a t  i t  i s  j u s t  

upwind of the  t a l l e s t  towers,  so  t h a t  t he  shee t  of s i l v e r  

iod ide  smoke was sure ly  c a r r i e d  i n t o  the  a c t i v e  po r t ion  

of t he  eye wal l  cloud. 

b. Af te r  seeding composite cons t ruc ted  i n  t h e  same manner 

from monitor ing t racks  flown between 1611-1820 GCT. Cloud 

s t r u c t u r e  was changing r a p i d l y  dur ing  t h i s  two-hour pe r iod .  

Towers with s o l i d  l i n e s  above t h e i r  he igh t  n o t a t i o n  a r e  d i s -  

s i p a t i n g .  Note des t ruc t ion  and outward migra t ion  of wal l  
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cloud and increased tower h e i g h t s  i n  f i r s t  rainband t o  

no r th  of storm cen te r .  

F ig .  11. Freezing n u c l e i  counts before  and a f t e r  seeding hu r r i cane  

Beulah, 24 August 1964. Measurements made wi th  Bigg- 

Warner cold box, ca l ib ra t ed  t o  g ive  count of 0-4 i n  c l e a r  

a i r .  Na tu ra l ly  f reez ing  clouds commonly show counts of 

about 30-100, while a r t i f i c i a l l y  seeded clouds g ive  counts  

12,000 o r  more. These va lues  a r e  hundreds of a c t i v e  nuc le i  

per  m3 but  r e l a t i v e  magnitudes only  should be considered.  

F igures  i n  pa ren thes i s  denote  the  number of minutes before  

o r  a f t e r  (+ or  -) seeding t h a t  the  measurement was made. 

Arrows show how f a r  the a i r  would have t r a v e l l e d  dur ing  

t h a t  i n t e r v a l .  

F ig .  1 2 .  D-values before  and a f t e r  seeding hu r r i cane  Beulah, 24 

August, 1963. Compare wi th  F igs .  6 and 7 .  

F ig .  1 3 .  Center:  Windspeeds ( a t  18,000 f t )  before  and a f t e r  seeding 

(along Leg E ,  see F ig .  7) hu r r i cane  Beulah, 24 August, 1963. 

Above and below: Before and a f t e r  cloud c r o s s  s e c t i o n s  along 

same l e g ,  cons t ruc ted  from RDR r ada r .  

F i g .  14 .  Center:  Windspeeds ( a t  18,000 f t )  be fo re  and a f t e r  seeding 

(outbound compared t o  inbound l e g ,  see F ig .  7) hu r r i cane  

Beulah, 24 August 1963. Above and below: Before and a f t e r  

cloud c ross  s e c t i o n s  along same l e g ,  cons t ruc ted  from RDR r a d a r .  
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Fig .  15. Development of seeded cloud on August 20, 1963. Top l e f t :  

F ig .  16.  

F ig .  1 7 .  

Time of seeding. Top r i g h t :  J u s t  before  maximum v e r t i c a l  

growth, 9 minutes l a te r .  Bottom l e f t :  Hor izonta l  explosion 

underway, 19  minutes a f t e r  seeding.  Bottom r i g h t :  Cloud 

has  a t t a i n e d  g i a n t  proport ions.  The pyro technic  s i l v e r  

iod ide  generator  (center)  i s  one of those developed by the  

Naval Ordnance Test  S t a t ion ,  China Lake, C a l i f o r n i a ,  f o r  

the  Stormfury program. 

P r o f i l e  of t he  seeded cloud of Fig.  15  cons t ruc ted  from 

p r o j e c t i n g  the  whole s e r i e s  of photographs.  Sca le  obta ined  

from rada r  p i c t u r e s .  (a) Above i s  the  f i r s t  phase: F i r s t ,  

t h i r d  and fou r th  i n t e r v a l s  4 ,minu tes ,  second i n t e r v a l  5 min- 

u t e s .  (b) Below i s  the second phase: F i r s t  i n t e r v a l ,  2 1  

minutes ,  second i n t e r v a l ,  4 minutes .  

Calcu la t ion  us ing  cloud model on 4 km diameter clouds under 

mean hu r r i cane  condit.ions. L e f t :  Ascent r a t e s  w i n  meters  

p e r  sec .  Right:  Temperature excess  AT of cloud over su r -  

roundings,  i n  'C. Solid curves denote  unfrozen cloud. Dotted 

curves denote  cloud n a t u r a l l y  f r e e z i n g  i t s  water between -15OC 

and -3OOC.  

water f rozen  between - 4 O C  and -8 C .  

h e a t  only.  X-ed curve a l so  expands the  tower by one- th i rd  and, 

a f t e r  seeding, p r e c i p i t a t e s  t h ree -qua r t e r s  of the  condensate.  

Dashed and x-ed curves denote  seeded cloud,  wi th  

0 Dashed curve adds fus ion  
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